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ABSTRACT 
X-Ray crystallography and NMR are two major ways of achieving atomic 
resolution of structure determination for macro biomolecules such as proteins. Recently, 
new developments of hard X-ray pulsed free electron laser XFEL opened up new 
possibilities to break the dilemma of radiation dose and spatial resolution in diffraction 
imaging by outrunning radiation damage with ultra high brightness femtosecond X-ray 
pulses, which is so short in time that the pulse terminates before atomic motion starts. A 
variety of experimental techniques for structure determination of macro biomolecules is 
now available including imaging of protein nanocrystals, single particles such as viruses, 
pump–probe experiments for time-resolved nanocrystallography, and snapshot wide-
angle x-ray scattering (WAXS) from molecules in solution. However, due to the nature of 
the “diffract-then-destroy” process, each protein crystal would be destroyed once 
probed.  Hence a new sample delivery system is required to replenish the target crystal at 
a high rate. In this dissertation, the sample delivery systems for the application of XFELs 
to biomolecular imaging will be discussed and the severe challenges related to the 
delivering of macroscopic protein crystal in a stable controllable way with minimum 
waste of sample and maximum hit rate will be tackled with several different development 
of injector designs and approaches. New developments of the sample delivery system 
such as liquid mixing jet also opens up new experimental methods which gives 
opportunities to study of the chemical dynamics in biomolecules in a molecular structural 
level. The design and characterization of the system will be discussed along with future 
possible developments and applications. Finally, LCP injector will be discussed which is 
critical for the success in various applications. 
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Chapter 1 
X-RAY LASERS FOR STRUCTURAL AND DYNAMIC BIOLOGY 
 
The application of hard X-Ray pulsed free electron lasers (XFEL) has created new 
research opportunities and techniques for structural biology. These new methods include 
imaging of protein nanocrystals (serial femtosecond nanocrystallography), single particle 
imaging (such as viruses), pump-probe experiments for time-resolved 
nanocrystallography, and in solution molecular snapshot wide-angle x-ray 
scattering(WAXS). Femtosecond x-ray pulses are used to mitigate radiation damage 
instead of the cooling of sample in microcrystallography (MX) and cryo-EM. New 
opportunities are opened up for molecular imaging of biochemical reactions and 
processes at room temperature in solution by using ‘diffract-and-destroy’ mode, which 
incorporates the idea that the incident x-ray pulse terminates before radiation damage 
begins, eliminating or reducing observed radiation damage. The ‘diffract-and-destroy’ 
process also requires new methods for sample delivery to replenish hundreds of particles 
in their native environment (hydrated) per second into the pulsed x-ray beam in random 
orientations.  
 
1.1 Introduction 
The recent invention and development of the hard x-ray free electron laser 
(XFEL) has been a revolutionary force for the study of structural and dynamic biology. 
The single molecule imaging using scattered radiation was believed to be impossible 
since achieving sufficient high angle elastic scattering requires high radiation dose, which 
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would destroy the molecule as a result of inelastic process(Breedlove & Trammell 1970). 
It has been suggested that short pulses might outrun radiation damage through theoretical 
work(Solem 1986), but experimental results are lacked. Considering a small x-ray beam 
pulse which forms a almost perfect delta function in time, while packs huge number of 
photons, damage free elastic scattering could be obtained regardless of does, resolution 
and sample size, down to the single-molecule level(Caleman et al. 2011). 
 
Recent experiments show that radiation damage can be outrun if x-ray dose is 
delivered quickly enough(Chapman et al. 2006). Hence in this way, sufficient image-
forming elastic scattering can be obtained before radiation damage poses a significant 
interference on the diffraction pattern, allowing the ‘diffract-and-destroy’ method(Neutze 
et al. 2000) for possible molecular moves by snapshots. The high radiation dose may 
completely destroy the sample after the diffraction and termination of the incident pulse, 
the ‘diffract-and-destroy’ method requires a fast and constant replenishment of fresh 
sample, such as molecules, viruses, and nanocrystals. Atomic resolution can only be 
obtained using nanocrystals with this method so far, taking advantage of the coherent 
amplification of Bragg scattering. But it is only the engineering obstacles in XFEL and 
sample injection technology stopping the achieving of atomic resolution imaging on 
single molecules, such as brightness, beam diameter, repetition rate, hit rate and water 
background, not the fundamental problem of radiation damage. If molecules assume a 
limited number of conformations, and the conformational and orientational changes can 
be distinguished(Fung et al. 2008), molecular snapshots recorded in many random 
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orientations might be sorted according to orientation and conformation and merged to 
form a three dimensional movie(Huldt et al. 2003). 
 
The capabilities of the first hard x-ray free electron laser, the Linac Coherent 
Light Source (LCLS) at SLAC, has been reported(Emma et al. 2010), while others are 
under construction or commissioning. These light sources provide spatially coherent X-
ray pulses, yielding time-resolved ‘snapshot’ x-ray diffraction patterns of proteins in 
nanocrystals and in single molecule form, while the sample resides in their native 
environment at room temperature. It is shown that the pulses generated by FEL light 
source are within femtoseconds width, brief enough to outrun the radiation damage, 
terminate before the sample structure has been damaged by radiation. Hence the dilemma 
of damage, sample size, dose and resolution can be solved without seeking the freezing 
sample path for radiation damage mitigation(Howells et al. 2009). This serial destructive, 
‘diffract-and-destroy’ method is referred as serial femtosecond nanocrystallography 
(SFX) in the case of protein nanocrystals, distinguishing it from single molecule imaging. 
 
The most successful technique for protein structure determination has been 
macromolecular crystallography (MX) at synchrotrons, which provides charge density 
maps of proteins. The resolution of this technique is limited by crystal quality and 
radiation damage. The requirement of relatively large well diffracting protein crystals 
poses a challenge for the process to find the correct condition of crystallization, which 
could take years. Samples are also usually frozen to reduce radiation damage. The results 
from other techniques of structure determination such as cryo-electron microscopy and 
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atomic force microscopy indicate that the shortcoming of MX is limiting our view of 
protein interactions. MX at room temperature has shown how flash cooling to reduce 
radiation damage can bias hidden structural ensembles in protein crystals and remodel the 
conformational distribution while eliminating the packing defects necessary for 
functional motions. Hence MX at room temperature can reveal motions crucial for 
catalysis and ligand binding(Fraser et al. 2011). Time-resolved technique is urgently 
needed which can image individual proteins at atomic resolution in three dimensions, 
while in their native environment and unaffected by radiation damage. 
 
The limitations of MX in structural determination by crystal quality and radiation 
damage have been addressed by both serial crystallography SFX method(Chapman et al. 
2011) and single particle imaging methods(Seibert et al. 2011) demonstrated by 
experiments in LCLS. 
 
Solem first analyzed the idea(Solem 1986) that early coherent elastic scattering 
might provide high-resolution x-ray hologram of organic material before destroying it, 
predicted that 10nm resolution might be possible using 1ps pulses, introducing a ‘self-
shuttering’ mechanism. Doniach(Doniach 1996) discussed time resolved holographic 
crystallography using XFELs, and Neutze(Neutze et al. 2000) provided estimates of 
resolution for various pulse durations and intensities with simulation by tracking atomic 
motion following the photoelectron cascade. Experiments using the FLASH soft x-ray 
XFEL demonstrated the ‘diffract-and-destroy’ principle(Chapman et al. 2006). In the 
experiments, x-ray pulses used are extremely intense and brief, it terminates before 
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damage process affect the length scale of interest, while containing sufficient photons to 
produce diffraction patterns from the early elastically scattered photons(Barty et al. 
2012), hence radiation damage is reduced or eliminated. In the case of hard X-rays at the 
LCLS, single X-ray pulses of 30-70 fs duration containing about 1012 photons of 9 keV 
have been used to generate diffraction patterns from micrometer sized crystals of 
Lysozyme(Boutet et al. 2012) at room temperature, extending beyond 2 Å.   The 
radiation dose in this case is 33 MGy/pulse, about 30 times higher than the tolerable dose 
for room temperature MX measurements with synchrotron radiation(Southworth-Davies 
et al. 2007), while similar to the ‘safe dose’ that limits resolution in MX at cryogenic 
temperatures. And this dose was only limited by the beamline configuration at the time. 
The highest doses reported so far were 3 GGy/pulse, running at x-ray pulses with 6Å 
wavelength, which limited the attainable resolution to 7.5Å(Chapman et al. 2011). 
 
The other obstacle, crystal quality, is addressed through the use of microcrystals 
and nanocrystals, down to submicrometer size range, which have been used in works, and 
the use of single particle approach. 
 
Finally, SFX and single particle imaging also improve the efficiency of protein 
structural determination process by avoiding the process of finding the condition for 
crystallization of large good quality protein crystals which could take several years of 
trials. It seems the submicrometer crystals suitable for SFX can be grown much more 
readily. As ‘showers of microcrystals’ are frequently observed by crystal growers in their 
growth solutions, and the mother liquid might be used for SFX experiments. The  
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Figure 1.1 Three XFEL experiments. A: Single molecule imaging, one molecule a time in 
the XFEL beams. B: Nanocrystallography, one crystal a time in the XFEL beams. C: Fast 
WAX, multi molecules a time in the XFEL beams. 
 
important G-protein-coupled receptor (GPCR) is only recently solved by conventional 
MX, using microcrystals(Rasmussen et al. 2011). 
 
The use of XFEL also promises advances in time resolved protein 
crystallography, and in snapshot imaging of molecular reactions in solution. There have 
been results for several membrane proteins, soluble proteins, and enzymes. 
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Figure 1.2. AMO experiment setup in LCLS for SFX, serial femtosecond 
nanocrystallography. Hydrated bioparticles are carried in a liquid stream, injected by gas 
dynamic virtual nozzle liquid injector, intersects perpendicularly with pump laser and 
LCLS X-ray beam. The pump laser excites the bioparticles optically prior to the probing 
by X-ray beam. Two sets of split detector are placed behind the interaction point. 
Geometry of front and back detector panels is shown in upper right illustration. 
Reproduced with permission from(Aquila et al. 2012), copyright 2012 The Optical 
Society. 
 
	   8	  
 
 
1.2 Instrumentation 
The light sources for these types of experiments, hard X-ray Free Electron Laser, 
such as LCLS among other planning or commissioning light sources, generates x-ray 
pulses with the typical width of 10 to 200fs in duration, and energy up to 5mJ, 
corresponding to a peak power of 50GW, 4×1012 photons of 8kev energy and 6×1013 
photons of 500kev energy respectively. The x-ray pulses are almost spatially coherent, 
with a very narrow bandwidth of about 0.1%, yielding a quasi-monochromatic beam.  
 
The first experiments at the LCLS carried out in Atomic, Molecular and Optical 
Science (AMO) hutch for the study of protein nanocrystals are shown in Figure 1.2. 
Biopaticles are injected in a column across the x-ray beam. The diffraction patterns are 
collected and read out by a split detector at the same rate of the repetition rate of the x-
ray, 120Hz, recording both high-angle and low-angle data. Due to extreme strength of the 
X-ray beam, any beam stop would be ablated quickly. A gap or hole in the detector is 
incorporated to allow the unscattered beam and small angle scattering to pass into down 
stream beam dump without damaging the detector. A second split detector is placed 
behind the first detector to record the small angle scattering.  
 
The first instrument for x-ray diffraction of bioparticle at LCLS was designed by 
Advanced Study Group of Max Planck institutes in Germany(Strüder et al. 2010). The 
pnCCD photon-counting detector was used for this instrument, which consists of 1024 × 
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1024 pixels of 75µm × 75µm size in the split detector panel, detects 50eV-25keV 
photons. Later upgrades move to 2048	  ×2048 pixels. A dynamic range of 1000 photons 
per pixel is achieved at 2keV, with quantum efficiency of higher than 0.8 and maximum 
frame rate of 200Hz. Single photon detection is achieved with readout noise less than 20 
electrons. Time-of-flight ion and electron detectors are also accommodated in the 
chamber to detect fragments from the vaporized samples. 
 
The second instrument, the Coherent X-ray Imaging (CXI) instrument is 
developed for hard x-ray imaging in LCLS(Boutet & J Williams 2010). This chamber is 
designed to be capable of operating under vacuum and atmospheric conditions. Tow 
chambers are incorporated in CXI, with different x-ray focusing capabilities. One of 
which has 1	  µm focal spot diameter, and the other one can have focal spot diameter of 
100nm. Detector of CXI instrument consists of a number of subpanels or tiles, which can 
be rotated separately for reconfiguration, with gaps between tiles. 
 
1.3. Sample delivery 
New severe demands of the method for delivering bioparticles to the x-ray beam 
has been created along with the establishment of the new hard x-ray FELs and ‘diffract-
and destroy’ method, to satisfy the repetition rate of x-ray pulses (120Hz for LCLS), and 
requirement of hydrated sample environment. For most samples, hydration environment 
is required for structure determination to be of biological significance. The interaction 
chamber works typically under vacuum environment, or it can be backfilled with helium, 
to minimize the background scattering. This leads to rapid evaporative cooling for liquid 
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droplets injected into the chamber, at the rate of about 106 K/s. This rapid cools requires a 
extreme short time between the injection of the sample into vacuum environment and 
observation through interaction with the x-ray beam, avoiding the freezing to occur, 
otherwise experience from cryo-EM indicates that in order to preserve the structure of 
bioparticle, a transformation to vitreous instead of crystalline ice is required. The time 
between the injection and exposure to X-ray in most current experiments are very short, 
as the interaction region of the sample and X-ray is about 100 µm from the nozzle tip, 
where the temperature drop is less than 10K. Serial crystallography with a continuous 
stream of particles across the X-ray beam (Spence & Doak 2004) was used in many 
current experiments. The free liquid or gas jet carrying bioparticles leads to the loss of 
precious samples between X-ray pulses, and the loss of photons with missed pulses, since 
the injection of sample is not synchronized with the X-ray pulses. The particle injector 
needs to meet several requirements to be feasible for SFX experiments. It must be able to 
run reliably for a relatively long time without clogging, avoiding wasting beam time on 
injector failures, while generating a jet or partible beam with good collimation, small 
beam area, high particle flux. In the ideal case, the injector would provide a single 
column of particles with optimum spacing, each partible surrounded with water jacket, as 
thin as possible for minimum background while thick enough to provide chemical buffer 
environment for proteins. Background minimization can be contributed by the 
optimization of X-ray beam diameter to be equal to the size of the particle, and the water 
jacket being as thin as possible. Due to the extreme short exposure time of the X-ray 
pulses, any exposure can be considered to be instantly. The probability of an X-ray pulse 
hitting a partible depends on the average number of particles in the interaction volume 
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V = π4 Dx
2Dp , where Dx is the diameter of the X-ray beam, Dp  is the diameter of the 
partible beam (assuming larger than the X-ray beam). The hit rate would be H = nVR , 
where n is the particle number density and R is the repetition rate of the X-ray beam. 
 
However, not all hits yield useful diffraction patterns. The hit rate decreases as the 
beam diameter decreases, while increase with the repetition rate. For Poisson distribution 
of interparticle spacing, maximum single particle hit rate results with 37% of pulses of no 
hit. For some experiments, double hits (simultaneous hits on two particles) may be 
acceptable, such as nanocrystals, whose diffraction pattern can be separated during 
analysis. Hit rate is often expressed as the ratio of hits over pulse numbers, or 
H ' = H / R = nV . 
 
Currently three bioparticle injection methods are being used in LCLS, these being 
aerosol gas phase injector, gas dynamic virtual nozzle liquid injector, and lipidic cubic 
phase (LCP) injector. For the first two, a focusing principle is applied to reduce the cross 
section area A of a stream gas or liquid, with particles embedded. The reduction is 
associated with an increase of velocity, where the flow rate is approximately constant. 
This way the clogging problems can be avoided for the liquid injector by avoiding using 
small diameter capillary or orifice. The LCP injector is a new emerging method with 
increasing popularity with its special ability of running extremely slow, matching the 
flow speed to the X-ray pulse repetition rate, minimizing sample waste, and 
accommodating membrane protein in their native lipid environment. 
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1.3.1 Gas phase injector 
The structure of the gas-phase injector(Wang et al. 2005) is shown in Figure 1.3. 
Electrospray or a nebulizer is used to create a gaseous suspension of particles with water 
jacket, followed by a stack of aerodynamics gas focusing apertures(Bogan et al. 2010). 
The focused particle beam with diameter of 20 µm can be readily achieved, with particle 
travelling at ~150 m/s. During the relatively long travel from the injector to the 
interaction region, the water jacket dries out, reducing the water scattering background. 
However, salt concentration increase may also result from the drying process. The 
particle concentration can be adjusted for maximum hit rate with in chemically allowable 
limits. Synchronization of pulsed injection of particles with the X-ray pulses has not been 
established. The hit rate ranges from 1% of early rate, to about 10% in average currently, 
and goes to 40% occasionally. The advantage of the low water background has made the 
gas phase injector to be the primary choice for single particle imaging, especially for 
viruses due to their higher tolerance to environment comparing to membrane protein, 
because of the need for low water background in single molecule imaging due to small 
difference between the X-ray refractive indices of protein and water. Liquid jet injector 
has also been used for virus imaging, but with higher water background. 
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Figure 1.3. Gas phase injector. Bioparticles are dispersed by a nebulizer, electrospray or 
GDVN into a cloud of small droplets, consist of bioparticles and water jacket, into a stack 
of gas focusing lenses. The aerosol emerges from the lenses as a column, intercepted by 
chance by the XFEL pulses. Minimum water background results from the arrangement 
due the evaporation of water during the flight of the droplets through the lens stack. 
Reproduced with permission from (Bogan et al. 2010) 
 
 
 
 
	   14	  
 
Figure 1.4. Liquid jet injector. This instrument is an integration of sample injection, 
reaction chamber, differential pumping, nozzle loading/unloading, microscopic 
manipulation and real time video monitoring. The nozzle mounted on the tip of nozzle 
rode H can be inserted and extracted without venting the main chamber. X-ray beam 
enters the injector, interact with the injected sample, and then emerges from the exiting 
cone B. The sample waste and focusing gas is pumped away with turbo pump through C. 
The interaction is monitored by the built-in microscope A, which helps the alignment of 
liquid jet to the XFEL beam through the manipulation stage G. Pump laser port D also 
allows the application of pump laser. Reproduced with permission from (Weierstall et al. 
2012). 
 
1.3.2 Liquid jet injector 
For protein nanocrystals, the much higher intensity of Bragg peaks far outweighs 
water background, allowing the use of liquid jet injector(Weierstall et al. 2012), shown in 
Figure 1.4. The gas dynamic virtual nozzle (shown in Figure 4) is used to generate a thin 
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continuous liquid jet with gas focusing mechanism. It consists of a glass capillary of 
about 50 µm ID, 360 µm OD, while centered within another glass tube with a flame 
polished opening at the exit end. Buffer with protein crystals suspended in is fed through 
the inner capillary with sample reservoir pressurized with gas pressure or HPLC pump. 
The gap between the capillary and the glass tube is fed with high pressure gas flow, 
which focused at the flame polished exit of the nozzle, accelerating the liquid flow and 
form a thin continuous liquid jet of about 5 µm diameter. The continuous liquid jet breaks 
up into a stream of droplets due to Plateau-Rayleigh instability after travelling several 
hundred micrometers to several millimeters in vacuum. For a simpler Rayleigh jet 
nozzle(Weierstall et al. 2007), droplet breakup can be triggered by piezo actuator and 
synchronized. Triggering and synchronized of GDVN may be possible but is challenging. 
The liquid jet typically travels at 10 m/s, so far the minimum flow rate has been 
decreased to lower than 5 µl/min, minimum diameter to sub-micrometer. The gas 
focusing effect mainly depends on the geometry of the glass tube, the gas pressure and 
liquid properties such as surface tension, density, viscosity and flow rate. There are 
recently several emerging methods for the fabrication of the GDVN, including two 
photon lithography and injection molding. Difficulty mainly comes from the delicate 
requirement on the geometry of the glass tube and the strict requirement on the centering 
of the capillary to maintain the cylindrical symmetry. For now, the general process of 
fabrication of the GDVN is the controlled rotational flame polishing of the glass tube, 
and the use of special spacers. More details will be discussed in the following chapter. 
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The liquid jet operates at room temperature, an advantage over conventional MX. 
The hit rate of liquid injector is up to 40% due to that the liquid jet stream acts like a 
localizing medium when the X-ray beam is focused close to the nozzle, where 
bioparticles are confined in the stream and can be found with certainty. For pump probe 
experiment, the alignment of the jet, the X-ray beam and pump laser beam is crucial to 
the success, which can be done with the help of the imaging of liquid jet intersected by 
XFEL and pump laser with in-vacuum CCD microscope. In the current CXI instrument, 
the liquid jet, XFEL beam and pump laser are perpendicular to each other and need to 
intersect at one point, with the pump laser slightly upstream on the liquid jet. This is 
achieved with the motorized alignment of the liquid injector and a set of optical setup for 
pump laser with micrometer level precision. Optical fluorescence is observed when the 
protein buffer is hit by XFEL, which can be very useful for the alignment. However, the 
fluorescence can be extremely weak with harder X-rays due to the lower absorption. Due 
to the flexibility of the liquid injector, several experimental methods are applied with the 
liquid injector, which are crystallography with single crystal per shot, single molecule 
imaging with single molecule per shot, and fast WAX with many molecules per shot. 
 
Different variations of liquid injector have been developed or are in development. 
A mixing jet, incorporating two liquid capillaries, has been developed to achieve fast and 
uniform mixing of two different liquids, while providing a adjustable delay time period 
between the mixing and being probed by the X-ray beam. In this injector, two solutions, 
such as a substrate and an enzyme, may be mixed at the injector before they are jet out of 
the nozzle after a certain amount of delay time, so that a series of X-ray snapshots can be 
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obtained with different delay time, as a function of reaction time. More details are in the 
following chapters. Sponge phase injector is also being developed, which use sponge 
phase instead of water solution. The much higher viscosity of sponge phase enables the 
injector to achieve lower flow rate and lower jet speed, lowering the sample consumption 
and sample waste. However problems still exist for this type of injector for reliability 
reasons. Drop-on-demand mode injector is of particular interest for XFEL, for its ability 
to completely avoid sample waste. So far three types of drop-on-demand injector have 
been developed or are in development. First is a piezo actuator driven injector. A piezo 
actuator periodically apply pressure on the reservoir of the liquid, causing a small droplet 
to form at the tip of capillary and fly away at a certain velocity. The time of the forming 
of the droplet can be easily controlled by the piezo driver hence be synchronized with 
XFEL pulses. However the droplet size is too big, yielding too high background for 
XFEL experiments. The second drop-on-demand injector exploits the dripping mode of 
the GDVN. When the liquid flow rate is too low in GDVN, focusing gas causes backflow 
in the meniscus at the tip of the liquid capillary, interrupting the continuous jetting of 
liquid stream, forming a stream of droplets instead of continuous liquid jet. The 
formation of the droplets is directly related to the flow rate of the liquid. Hence adjusting 
liquid flow rate can control the repetition rate of the droplet formation. This method of 
generating droplets for XFEL experiments is promising while not without problem. The 
major problem here is that the flow rate is extremely difficult to control in a very accurate 
manor, while the possible inhomogeneity in nanocrystal suspension fluid may cause 
fluctuation in the flow rate. All these translate to shift of the droplets formation time 
hence out of synchronization with the XFEL beam. An even slight change of 
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synchronization would cause a missed shot due to the fast moving droplet and the small 
size of it. The third method is also based on GDVN, but it actually generates a short 
stream of liquid instead of droplets. A valve is incorporated in the standard GDVN setup, 
close to the nozzle. The valve can be controlled with piezo actuator. The GDVN has been 
experimentally demonstrated to have the ability to establish a stable continuous liquid jet 
within 1millisecond. This ability enables us the turn on and off the valve to shut and 
reestablish the jet for every XFEL pulse, which is about 8 ms apart from each other at the 
current LCLS repetition rate of 120 Hz. Synchronization of this injector would require 
much less effort since the actuation of the valve is straight forward and easy to control, 
and the generated pulsed liquid stream would be centimeters long, easy for the XFEL 
pulse to hit. It is possible to form a jet for 1 or 2 ms, and then shut it for the rest of the 
cycle. The challenge is to find the fast responding valve, which can reliably shut the high-
pressure liquid flow at 120 Hz over an extended period of time. 
 
In the first SFX experiments, large amount of protein was required. The amount 
of protein required for experiments for structure determination has been reduced and will 
be further reduced as the method advances. First of all, advances in data analysis will 
provide converged structure factors with far less data. While less data are required if 
broader bandwidth of FEL pulses is achieved. Secondly, developments on injection 
methods such as the possible on-demand injection methods and the LCP injector would 
eliminate most protein waste, which decrease the sample amount requirement 
significantly. The consumption of protein could also be reduced by higher intensity 
XFEL pulses, either through increasing the pulse power or decreasing the focus spot size. 
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Stronger diffraction signals can be collected from smaller crystal volumes. Even with the 
decreased hit rate accompanied with the deceased focus spot size, the net consumption of 
protein still decreases. Finally, by increasing the repetition rate of the XFEL pulses, waste 
of samples in between the pulses can be decreased, such as the Mega Hertz repetition rate 
of the European XFEL facility. 
 
1.3.3 LCP injector 
LCP injector is a novel invention for sample injector, which possesses several 
unique properties and solves several critical challenges faced by other injection methods 
for SFX.  
 
The LCP injector uses lipidic cubic phase instead of water-based buffer to carry 
nanocrystals of protein. The extremely high viscosity of lipidic cubic phase along with its 
shear-thinning non-Newtonian fluid property allows it to flow at a slow and controllable 
way, with a plug-shaped flow speed profile, which leads to the extrusion from the 
capillary while maintaining a tubular shape. The extrusion is so slow that the speed can 
be matched to the repetition rate of the XFEL pulses by changing the flow rate of the 
LCP, allowing 20 µm between the point of XFEL pulse impacts on the LCP jet so every 
pulse hits at new sample uncontaminated from last exposure to XFEL pulse. The sample 
waste is minimized in this manor. To satisfy the extreme pressure requirement for the 
flow of such a viscous liquid, a hydraulic stage is designed in the LCP injector to amplify 
the pressure. 
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The LCP also provides a native environment for many membrane proteins as they 
naturally reside in lipid bilayers. Crystallization of protein in LCP is also proved feasible, 
especially for forming a large number of micrometer-sized crystals, which is perfect for 
the SFX experiments.  
Gas focusing mechanism is utilized in the LCP injector. However, instead 
focusing the liquid flow to a thinner and faster jet, the purpose of the gas focusing 
mechanism is to maintain the direction of the extruded LCP column, and to take excess 
LCP away from the tip of the nozzle. Without the gas flow, the LCP column tends to curl 
randomly, even turn back and stick to the nozzle. 
 
The LCP injector is also designed to be able to utilize the existing platform of the 
liquid jet injector in CXI by incorporating standard M9 thread adaptor, and keeping a thin 
profile. This compatibility benefits the experiments, which may require both LCP injector 
and liquid jet injector. It also simplifies the operation by using the same controls for 
alignments and video monitoring. 
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Chapter 2 
HIGH-RESOLUTION PROTEIN STRUCTURE DETERMINATION 
BY SERIAL FEMTOSECOND CRYSTALLOGRAPHY: 
VERIFICATION OF A NEW METHOD WITH LYSOZYME 
 
Traditionally, the determination of Structure of proteins and other 
macromolecules through the method of crystallography required sufficiently large 
crystals with high quality to give strong enough diffraction peaks of X-rays to achieve 
high resolution, while the crystal also need to withstand radiation damage due to high 
dose of X-ray radiation. Growing of large crystals for macromolecules are difficult 
especially for many types of membrane protein with great interest, and the radiation 
damage poses a barrier on the radiation dose a crystal hence restricts the maximum 
resolution that can be achieved. A new method Serial Femtosecond Crystallography 
(SFX) is developed and applied using an x-ray free-electron laser (XFEL) to obtain the 
high-resolution structural information from microcrystals and nanocrystals. This method 
is used on the well-characterized model protein lysozyme and the high-resolution 
structural information of lysozyme molecule as the result is compared to the data from 
synchrotron method. The agreement between those two methods demonstrates the 
immediate relevance of SFX as a promising new method for analyzing the high-
resolution structure of the large group of molecules with great interest but difficult to be 
crystallized(Boutet et al. 2012).  
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Biological functions are accomplished by chemical reactions. To understand the 
chemical mechanisms, solving the structure of the macromolecules in interest by x-ray 
crystallography is an important step. X-ray crystallography has been applied widely in 
numerous synchrotron x-ray sources, however been limited by crystal size, quality and 
radiation damage threshold(Holton & Frankel 2010).  Crystal size, quality and radiation 
damage are linked to each other, forming a barrier from getting high-resolution structure 
for certain group of macromolecules which are hard to be crystallized. To avoid radiation 
damage to the crystal, incident fluence has to be decreased. This in turn requires a larger 
crystal size that gives sufficient diffraction intensities while the incident fluence is 
decreased hence the dose to each molecule in the crystal is reduced below the radiation 
damage threshold. However, a larger crystal can be very difficult to be grown with high 
quality especially for large macromolecular assemblies and membrane proteins. In the 
other hand, microcrystals of those macromolecules and assemblies are observed. 
Although it is possible to collect diffraction patterns from those microcrystals by using 
synchrotron beamlines with microfocus, the radiation damage is in the way of getting 
strong enough diffraction patterns that can give high-resolution structural information. 
 
2.1 Experimental Setup 
Serial femtosecond crystallography (SFX) using x-ray free-electron laser (XFEL) 
is a new method for three-dimensional structure determination using microcrystals 
(several micrometers in size) and nanocrystals (several hundred nanometers in size). The 
key of this method is the application of the generation light source of X-ray free electron 
laser which produces x-ray pulses that are sufficiently intense to give high resolution 
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diffraction patterns, and the duration of those pulses are sufficiently short to outrun the 
radiation damage process, ending before the onset of substantial damage to the 
crystals(Neutze et al. 2000; Barty et al. 2012; Lomb et al. 2011). The duration of x-ray 
pulses are several tens of femtoseconds long. This short duration ensures no chemical 
damage processes to occur, leaving the main source of radiation damage to be the 
ionization and x-ray induced thermal motion. Therefore, the difficulty of crystal size, 
quality and radiation damage faced by traditional methods in achieving high resolution 
structure information for biological macromolecules is solved by the new SFX method.  
 
In SFX method, sample delivery is achieved by utilizing a liquid microjet to 
introduce randomly oriented microcrystals or nanocrystals in the fully hydrated 
environment of a continuous string of buffer solution into XFEL beam(DePonte et al. 
2008; Chapman et al. 2011; Johansson et al. 2012). A proof of principle demonstration of 
SFX method performed in Linac Coherent Light Source with photosystem 1 crystals with 
sizes ranging from 200nm to 2mm gave interpretable low resolution electron density 
maps. More demonstration experiments were also carried out with crystals grown in vivo 
and lipid sponge phase for membrane proteins. At the time of these demonstration 
experiments, the x-ray energy of 1.8 kev (6.9 angstrom) sets an limitation on the 
achievable resolution to the collected data. The commissioning of Coherent X-ray 
Imaging instrument removed this limitation and made resolution higher than 2angstrom 
possible. CXI instrument(Boutet & J Williams 2010) provides hard x-ray pulses for high-
resolution nanocrystallography, and is equipped with advanced detector Cornell-SLAC 
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Pixel Array Detectors (CSPADs), supporting 120-Hz readout rate for measuring each 
pulse form LCLS. 
 
This method-verification SFX experiment is performed at CXI to analyze the 
molecular structure of a model system hen egg-white lysozyme (HEWL) by utilizing 
unconventional size microcrystals (about 1um*1um*3um in size), as shown in Figure 2.1. 
The target sample of HEWL is chosen because its structure has been thoroughly 
characterized to very high resolution since its structure was solved as the first enzyme 
structure by x-ray diffraction method. Not only it is very well characterized, the HEWL is 
also very easy to be crystallized, making it a widely used model system for many 
investigations including radiation damage studies, and a perfect model system for the 
development and verification of the SFX method. 
 
Microcrystals of HEWL were exposed to single 9.4 keV (1.32 angstrom) x-ray 
pulses with 5 or 40 femtoseconds duration which were focused down to 10um2 at the 
reaction point, delivered suspended in liquid buffer solution, in the manner of randomly-
oriented. The average 5fs x-ray pulse energy is 53mJ while the average 40fs pulse  at the 
sample carried 600mJ per pulse, corresponding to an average dose of 33MGy deposited 
in each crystal, which represents the classical dose level limit for damage using 
cryogenically cooled crystals. Electron density map and structure of the HEWL were 
calculated from SFX derived data and compared to the structure from low-dose 
experiments data sets collected in the conventional experimental methods at room 
temperature using similarly prepared larger crystals. This comparison tells us the  
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Figure 2.1. Setup geometry for SFX at CXI. Diffraction patterns from single crystals 
carried by liquid jet hit by XFEL pulse are recorded on CSPAD at 120Hz. 9.4 keV X-ray 
pulses are focused down to 3 µm at the interaction region. Sample-to-detection distance 
is 93 mm. 
 
performance of this new technique with the well-characterized model system HEWL 
protein. 
 
2.2 Data analysis 
During this experiment, 1.5 million individual snapshot diffraction patterns were 
collected with 40 fs pulse duration at the repetition rate of 120Hz using CSPAD. Data 
analysis showed that about 4.5% of the patterns were classified as crystal hits. 18.4% of 
these hit patterns were successfully indexed and integrated with CrystFEL software. 
Theses indexed patterns showed excellent statistics to 1.9 angstrom resolution (shown in 
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Figure 2.2 A. Final, refined 2mFobs(40fs)-Fobs(1.5σ) electron density map of lysozyme at 
1.9 Å resolution calculated from 40-fs pulse data. B. Fobs(40fs)-Fobs(synchrotron) 
difference Fourier map, contoured at +3 σ (green) and -3 (red). No interpretable features 
are apparent. The synchrotron data set was collected with a radiation dose of 24 kGy. 
 
Table 2.1). Additional 2 million diffraction patterns were collected with 5fs pulse 
duration. Analysis showed 2.0% hit rate and 26.3% indexing rate, resulting 10,575 
indexed diffraction patterns. The molecular structure (shown in Figure 2.2A) was 
determined by molecular replacement using Protein Data Bank entry 1VDS and using 40 
fs SFX data. The result electron density map was compared to the result from 
conventional synchrotron data by generating Fobs(40fs)-Fobs(synchrotron) difference 
electron density map (shown in Figure 2.2B). No significant differences were observed in  
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Parameter 40-fs pulses 5-fs pulses SLS RT data 3 
Wavelength 1.32 Å 1.32 Å 0.9997 Å 
X-ray focus(µm2) ~10 ~10 ~100 ×100 
Pulse energy/ 
Fluence at sample 
600µJ/4×1011 
photons per pulse 
53µJ/3.5×1010 
photons per pulse 
n.a./ 2.5×1010 
photons per second 
Dose (MGy) 33.0 per crystal 2.9 per crystal 0.024 total 
Dose rate (Gy/s) 8.2×1020 5.8×1020 9.6×102 
Space group P43212 P43212 P43212 
Unit cell length (Å) A=b=79, c=38 A=b=79, c=38 A=b=79.2, c=38.1 
Oscillation 
range/exposure time 
Still exp./40 fs 
 
Still exp./5 fs 
 
1.0°/0.25 s 
 
No. collected 
diffraction images 
1,471,615 
 
1,997,712 
 
100 
 
No. of hits/indexed 
images 
66,442/12,247 
 
40,115/10,575 
 
n.a./100 
 
Number of 
reflections 
n.a. n.a. 70,960 
Number of unique 
reflections 
9921 
 
 9743 
 
9297 
 
Resolution limits (Å) 35.3–1.9 35.3–1.9 35.4–1.9 
Completeness 98.3% (96.6%) 98.2% (91.2%) 92.6% (95.1%) 
I/(σI) 7.4 (2.8) 7.3 (3.1) 18.24 (5.3) 
Rsplit 0.158 0.159 n.a. 
Rmerge n.a. n.a. 0.075 (0.332) 
Wilson B factor 28.3 Å2 28.5 Å2 19.4 Å2 
R-factor/R-free 0.196/0.229 0.189/0.227 0.166/0.200 
Rmsd bonds, Rmsd 
angles 
0.006 Å, 1.00° 0.006 Å, 1.03° 0.007 Å, 1.05° 
PDB code 4ET8 4ET9 4ETC 
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Table 2.1. SFX and synchrotron data and refinement statistics. 
 
the difference electron density map. Some features are shown on the electron density map 
that was not part of the model, which means different conformations of amino acids and 
water molecules. No proving sign of radiation damage is shown on the electron density 
map. 
 
2.3 Sample injection 
 New sample injection methods are developed to accommodate the new SFX 
experimental method. In this experiment, liquid injector is used with gas dynamic virtual 
nozzle. The design of the injector and GDVN is still premature at that moment, and the 
understanding to the fluid dynamics of sample and focusing gas in the GDVN is limited. 
Hence the performance and the reliability of the injector during the course of the 
experiment are not comparable to what the injector and nozzles are capable now. Many 
problems are exposed at the experiment and improvements were carried out, which 
ultimately improved the following experiments vastly. 
 
 First of all, the problem of settling of nanocrystals had been observed during the 
experiments with the sample reservoir system. At that moment, nanocrystals in buffer 
were loaded into cylindrical liquid reservoirs, with the bottom of it connected to the 
liquid line of GDVN, and the top of it connected to the pressurized gas supply. The 
reservoir was pressurized with pressurized nitrogen, controlled with mechanical gas 
pressure regulators. This set up force us to maintain the upright statue of the sample 
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reservoir, other wise gas will find its way into the liquid line of the GDVN. Since the 
experiment can last up to 2 hours without changing sample, during the course of time, 
nanocrystals would slowly settle to the bottom to the reservoir. Hence change of hit rate 
was observed as an indication of change of crystal concentration. On some extreme cases 
such as a highly concentrated sample, the settled crystals tend to clog the inlet of the 
liquid line of GDVN. Later new reservoirs were developed and anti-settling devises were 
built to solve the settling problem. 
 
 The mechanical gas regulator also proved to be inadequate for fast response and 
control. Due to the inhomogeneous nature of the nanocrystals in buffer, and the change of 
the surface condition of the nozzle during experiment, the behavior of the jet can change 
abruptly, which requires a fast response on the control of the jet, both on the liquid 
pressure and focusing gas liquid. Mechanical gas regulators mounted on the gas bottle out 
side of the control room could simply not be controlled in real time. The later installment 
of electronic gas regulator, controlled by signals through EPIC interface provided much 
faster control. 
 
  Due to lack of understanding of the fluid dynamics and experience, the minimum 
flow sample flow rate requirement of the GDVN used in this experiment was much 
higher than what we are capable now, at around 20 µl/min.  
 
 During the experiment we also noticed the significance of clogging, from various 
reasons. One of which was caused by continuous feeding of high concentration of sample,  
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Figure 2.3. Deposition on the tip of the nozzle. Due to fast evaporative cooling, debris 
and droplets blasted from the interaction with X-ray beam could deposit on the tip of the 
nozzle, clogging the nozzle over time. 
 
combined with the high intensity XFEL beam. These conditions could not be met in lab 
hence never anticipated. XFEL beam tends to generate a detonation at the liquid jet, blast 
small droplets of sample in all directions, some in the direction of the nozzle. The 
vacuum environment would evaporate the water in these droplets extremely fast, leaving 
a porous deposition of salt and protein at the surface of the nozzle (shown in Figure 2.3). 
Over time, the deposition could grow big enough to block the incident XFEL beam or the 
diffracted x-ray. It could also interfere with the gas flow, changing the gas focusing 
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property of the nozzle, causing obstacles in the jet or clogging. Newer designs and nozzle 
and experiments took this into consideration but this problem has not been effectively 
solved by now.  
 
 The building procedure of GDVN for this experiment was gluing the capillaries 
and gas aperture into one stainless tube after carefully adjusting related positions. This is 
an irreversible procedure, a built nozzle can not be disassembled or adjusted, or fixed 
after a shifted of relative position during transportation. So we had no ability of fixing or 
building new GDVN during the experiment on the beam line. It was a major restriction 
on the ability of solving unexpected problem and finding solutions during experiment. 
The later design of disassemblable nozzle holder provided significant advantage on those 
aspects. 
 
2.4 Discussion 
XFEL and synchrotron or rotating anode technology differs greatly in the time 
duration (femtoseconds versus seconds or hours in scale), which indicates different 
radiation damage processes underlying during the exposure to radiation. Though, in the 
difference maps calculated between the SFX and the low-dose synchrotron data, no 
features as signs of radiation damage are observed. Metrics such as I/I0 (the ratio of 
measured intensities (I) to the ideal calculated intensities (I0)) and Wilson B factor are 
also useful metrics to characterize global radiation damage in protein crystallography 
other than the local structural changes, which can be used to evaluate the radiation 
damage of the SFX data sets. I/I0 can not be applied to SFX data. However, Wilson B 
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factor for both data sets collected in this SFX experiment (40fs pulse duration data set 
and 5fs pulse duration data set) can be calculated. The values of results of Wilson B 
factors are typical values for room-temperature data sets and show resemblance to the 
Wilson B factor of data sets obtained from conventional techniques such as synchrotron 
and rotating anode experiments with different doses using larger but otherwise similar 
crystals in the environment of solution and room temperature.  
 
The R factors are also calculated for all collected data sets, which do not show 
dose-dependent increase. However, SFX data show higher R factors than other 
techniques, suggesting a systematic difference. Monte Carlo integration nonconvergence 
is ruled out as a possible cause of this systematic difference because the scaling behavior 
is affected by scaling the 40fs and 5fs data sets together. There are several possible 
explanations for this difference such as non-isomorphism or radiation damage, along with 
suboptimal treatment of weak reflections, the difficulty with processing still diffraction 
patterns, as well as other steps in data analysis specific to this SFX technique. As an 
emerging technique, data processing algorithms, detectors and data collection methods 
are continuously being developed and upgraded. 
 
During a pulse, the attainable velocities of atoms in the sample can be shown in a 
simple relationship depending on the deposited x-ray energy over the inertia of those 
atoms: 
                                                            < 𝑣 >= 3𝑘!𝑇/𝑚, 
In it m is the mass of an atom, T is the temperature, kB is Boltzmann’s constant. 
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In the measurements with LCLS x-ray beams, the average velocities can be estimated to 
be less than 10 angstrom/ps for the impulse absorption of energy. Since the pulse 
duration is in several to several tens of femtoseconds scale, the displacement of atoms 
due to absorption of beam energy is negligible. Hence, on the time scale of femtoseconds 
as the experiment is carried out, the major process of radiation damage is caused by 
impulsive rearrangement of atoms and electron density, to the contrary of chemical bond 
breaking which is a relatively slow process typical in conventional crystallography such 
as synchrotron and anode rotation using longer time exposures and lower dose rates 
(comparing to the dose rate of 0.75MGy per femtosecond in this SFX experiment). 
 
The agreement of electron density maps and Wilson B factors between SFX data 
sets and conventionally obtained data sets indicates no sign of significant radiation 
damage. According to numerical simulations carried out before, observable radiation 
damage is not expected for very short pulses, such as the 5fs pulses in the experiment. 
Also, shorter x-ray pulses than the electron bunches has been reported for XFELs, so the 
pulse duration can possibly be shorter than the relevant Auger decays. The similarity 
between the results of 40fs data set and 5fs data set also indicates similar damage 
characteristics for those two pulse durations.  
 
With the agreement between SFX experiment data sets and conventional data sets, 
it is demonstrated that SFX techniques gives high quality data that can be used to 
generate high resolution molecular structure under the exposure conditions used in this 
experiment. This SFX technique opens up new opportunities for large group of 
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macromolecules and assemblies that are difficult to crystallize by offering the ability of 
generating high quality data with much smaller crystals, making it a valuable new 
additional technique for structural determination tasks to the existing macromolecular 
crystallography techniques.  
 
For this work, I have been contributing to the sample delivery system designing, 
building, testing and running during the beam time. Improvements of GDVN have been 
made to accommodate the samples for this experiment. Due to the early stage of the 
development of SFX method at the time of experiment, numerous problems with sample 
injection and the adaption of sample injection system with the experimental chamber and 
data collection have been noticed, and with improvements followed.
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Chapter 3 
ANALYSIS AND IMPROVEMENTS ON GDVN 
The recent development of X-Ray Free Electron Laser source opens up 
possibilities for X-Ray Diffraction Imaging of macro biomolecules. Liquid jet injector 
system was developed to deliver microscopic species in solution into XFEL beam in 
vacuum or ambient conditions, utilizing gas dynamic virtual nozzle to generate a 
microscopic liquid jet, which contains the interested sample. This system meets the 
requirement of the sample delivery for XFEL such as high replenishment rate and room 
temperature, aqueous condition, while avoids clogging issues. 
 
In the following section, fluid dynamics of the existing GDVN is analyzed to 
reach experimental guidelines for designing and building GDVN for different samples. 
Improvements to the GDVN design to increase the reliability and repeatability are 
presented. Possible future developments on GDVN are discussed. 
 
3.1. Background 
The recent availability of XFEL source for biological structural determination has 
opened up new possibilities in this area due to several unique characteristics of this X-
Ray light source.  XFEL offers about 10 orders of magnitude higher peak brilliance when 
compared to third generation synchrotron X-Ray light source, while concentrated into 
photon pulses of femtoseconds duration, and focused to micrometer scale and recently 
further down to 100 nanometers in diameter of the focal spot size. The increased 
brilliance and short pulse duration enables the “Diffract-then-Destroy” method that yield 
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detectable diffraction from the sample before it is destroyed by the intense radiation 
which bypass the dose limit on biological samples when being probed by traditional 
means such as electronic microscopy and synchrotron while not requiring damage 
limiting environment such as low temperature in CryoEM.  
 
The new light source requires new sample delivery method to realize the new 
experimental method such as Serial Femtosecond Crystallography(SFX) which exploits 
the full potential of the advantages provided by the intense and short X-Ray pulses. First 
of all, this sample delivery method is required to replenish sample at a very high rate to 
replace the damaged sample probed by previous X-Ray pulse with fresh sample to be 
probed by the following pulse. This mandates the replenish rate to match or surpass the 
repetition rate of X-Ray pulses, in the case of LCLS in SLAC, 120Hz and in the case of 
the future EXFEL, 1MHz. Secondly, to achieve complete reflection of every lattice point 
in reciprocal space, the supplied sample crystals need to be at different orientation, 
covering all solid angle, by deliberation or by random. Thirdly, since the short pulse of 
X-Ray outruns the radiation damage, room temperature and aqueous environment is 
possible instead of cryogenic environment. Hence the sample should be delivered in its 
most friendly environment, in room temperature in water based solution, to minimize 
changes in conformation of molecules. Last but not least, the sample delivering method 
should yield minimal background and consume minimal amount of sample in the process. 
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3.2. Nozzle designs 
3.2.1 Rayleigh Jet 
The first attempt to tackle this problem is Rayleigh jet(Weierstall et al. 2007). A 
Rayleigh jet is a single continuous cylindrical liquid jet produced by simply forcing 
liquid through an orifice with sufficient velocity. The Rayleigh jet has a higher surface 
free energy than droplets form hence it tends to break up into small droplets after 
travelling a short distance. This distance before breaking up is related to liquid surface 
tension, viscosity, density, jet diameter and velocity. A Rayleigh jet carrying micro or 
nano crystals of protein is an excellent candidate for the sample delivery method for SFX, 
satisfying most criteria mentioned above. All the crystals are suspended in the liquid, in 
random orientation (not necessarily uniformly oriented spatially as been noticed in 
experiments), so X-Ray pulses can produce diffractions of sample crystals with different 
orientation. The jet has a velocity of around 10m/s, replenish a column of liquid with 
length of 80mm between each pulse of X-Ray for LCLS, guaranteeing fresh sample for 
each pulse. The liquid can also be prepared to meet the requirement of the biological 
sample. The major drawbacks of this method are clogging, high back ground and high 
sample consume, all of them connected with each other. 
 
The Rayleigh jet is formed by forcing liquid through a small orifice (figure 3.1) 
which becomes a trap for particles and unavoidable dusts and debris in the liquid. For 
orifice smaller than 10 micrometer, clogging becomes so frequent that the jet can be 
clogged within minutes even seconds. Larger orifice alleviate frequent clogging, however  
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Figure 3.1 Rayleigh jet for sample delivery. Liquid sample with suspended nanocrystals 
or macromolecules are pressurized through a glass tube with laser pulled tip, forming a 
short contiguous liquid jet before breaking up into stream of small droplets due to 
Rayleigh instability. 
 
the Rayleigh jet has the same diameter of the orifice, hence increasing orifice diameter 
has a direct impact on background. Larger diameter of the liquid jet would lead to 
attenuation of the X-Ray pulse, multi scattering and heavy background from solution 
other than the sample. Larger diameter also leads to high sample consumption. For a 
usable Rayleigh jet for experiments on structural determination, the sample consumption 
could be as high as several milliliters per minute. 
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3.2.2 Gas focusing in capillary-orifice geometry 
The Rayleigh jet meets most requirement of sample delivery for SFX 
experiments, hence a very good candidate for sample delivery method. While the 
clogging, background and sample consumption issues limits its application in 
experiments, it is easy to notice that all these issues relates to one parameter, the 
boundary, in this case the orifice. The fixed boundary sets a limitation to the dimension 
of the jet, while forms a trap for the particles and a surface for aggregations. A free 
boundary formed by high velocity high sheering coaxial gas flow can be used to solve 
this problem which forms a thin micro liquid jet with free boundary that avoids clogging 
issues caused by extremely narrow capillary.  
 
In this design, a coflowing gas stream is used to establish a steady tip streaming, 
in which the tangential stress, viscosity and surface tension work together to stretch a 
meniscus until a microjet is emitted from the tip of the meniscus (shown in Figure 3.2). 
The prototype is cone shaped capillary-orifice plate, the tip of the capillary is ground to 
cone shape, which points to an orifice on a plate. Pressure different is maintained 
between two sides of the plate to generate a coaxial gas flow through the orifice(DePonte 
et al. 2008). Liquid is fed through the capillary. The pressure drop in the gas flow though 
the orifice establishes a steady liquid meniscus at the tip of the capillary, forms a tip 
streaming, focuses across the orifice the microjet emitted from the meniscus tip. After 
passing the orifice, the focusing gas goes into free expansion if this side of orifice is 
maintained in vacuum. The liquid jet then behaves similarly to a Rayleigh jet in vacuum,  
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Figure 3.2. Gas dynamic nozzle in capillary-orifice geometry. A: A microscope image of 
a jetting nozzle. B: The geometry of the configuration. H is the distance between the tip 
of capillary and the orifice, Δp is the pressure difference, D is the diameter of the orifice, 
and d is the diameter of the focused micro jet. 
 
which breaks up into a stream of micro droplets after certain distance due to growth of 
axisymmetric capillary surface waves (Rayleigh instability). 
This design utilized pure hydrodynamic means to generate the jet(Vega et al. 
2010; Montanero et al. 2011), hence usable for a wide range of liquids, grant the 
possibility of using specific solutions with a range of properties for providing a friendly 
environment for biological samples. It generates a continuous cylindrical jet with limit 
length before breaking up, which has a much smaller jet diameter than any capillary or 
orifice used in the process of generating the jet. It can be the base of the ideal sample 
delivery method for SFX. However, in this design, the breaking up length of the 
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continuous part the jet  (several hundreds of micrometers) is much smaller than the 
physical size of the device, yielding it unpractical in real structure determination 
experiments. A more versatile and compact device needs to be constructed to satisfy 
different liquid properties and experimental chamber requirements. 
 
3.2.3 Gas dynamic virtual nozzle 
The main restriction on the size of the injector in the capillary-orifice geometry is 
the orifice plate. In the new design of GDVN, the orifice plate is substituted by a glass 
tube concentric to the cone-tipped liquid capillary, with one end flame polished to form a 
narrowing necked-down orifice(Weierstall et al. 2012; Weierstall et al. n.d.; DePonte et 
al. 2008). This glass tube defines the characteristics of the focusing gas flow, which is of 
immense importance in the operation of the GDVN. This design satisfies all the 
requirements of SFX experiments, integrates with the experimental chamber very well, 
and is the base design for SFX experiments being carried out now. 
 
The GDVN construction can be divided into the following parts: 
 
3.2.3.1 Gas aperture 
Gas aperture is the most crucial part of a successful GDVN. The tip of it is a glass 
tube, which is flame polished on one end to form a narrowed down section to generate an 
orifice for focusing gas flow. The geometry of this narrowing down section determines 
the flow properties such as tangential stress of the gas flow, which is critical in generating 
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inches length and 1/16 inch OD. The 1/16 OD is a standard size for upchurch fittings, 
enabling the application of a standardized fitting on the assembly of the GDVN. The 
stainless steel tube is fitted with upchurch 10-32 port fitting. 
 
3.2.3.2 Liquid capillary 
Liquid capillary forms the channel that transport liquid sample from reservoir to 
the tip of the nozzle for injection. The capillary has to have enough strength to withstand 
several thousands of psi pressure while being flexible so it can fit through multiple 
fittings and satisfy the injector geometry. The inner surface of the capillary also has to be 
friendly to biological samples to prevent any conformation change or aggregation of bio 
molecules. Fused silica capillaries with polymer coating on the outside with inner 
diameter ranging from 30 micrometers to 100 micrometers and outer diameter of 360 
micrometers are commonly used in GDVN, which provides extraordinary strength of 
fused-silica, flexibility and ease of cleaving/cutting, and biological sample compatibility. 
 
The tip of the capillary is ground to cone shape to accommodate the focusing gas 
flow with rotation coupled grinder on alumina grinding pad. This part is also crucial to 
the success of a GDVN since it partially defines the focusing gas flow at the surface of 
the liquid meniscus from which emits the continuous microjet. Several parameters define 
a good cone. First is the angle of the cone. A shallow cone (large angle at the tip of the 
cone) coupled with the glass gas aperture leaves a narrower channel for the gas flow 
before it reaches the orifice, hence accelerates the gas prematurely, reducing the 
tangential stress at the orifice. If the cone is too shallow, it could even induce turbulence 
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around the edges, disturbing the gas flow on the surface of the cone and the liquid 
meniscus, cause failure of formation of the meniscus. A steep cone is normally preferable 
in all cases ideally, however a steep cone also leads to fragility of the cone and the tip of 
the capillary, increasing the potential of damaging during assembly, transportation and 
application, decreasing reliability. Secondly, the concentricity of the grinding. The 
grinding process is done by rotating the capillary while pressing the tip of it against a 
moving grinding pad. So any periodic inconsistency of pressure and variance of the 
surface height would cause a deviation from a concentric grinding. When properly 
ground, the tip of the capillary should be a circle perpendicular to the length axis of the 
capillary, with knife-sharp edges. With inconcentricity, the tip could be a tilted oval 
instead of a perpendicular circle. This could create an artificial jet point for the microjet 
to leave the meniscus, causing inceoncentricity of the jet itself related to gas aperture, and 
yielding an crooked jet or even no jet at all. And at last the smoothness of the edge of the 
tip is also important. Similar to the previous point, roughness on the edge can create 
artificial jet point for the microjet to leave the meniscus. 
 
Sometimes for photon induced pump-probe experiments, the cone is required to 
be transparent and have a smooth surface. Small grit grinding pad ( smaller than 10 
micron git) is required to achieve optical transparency. 
 
3.2.3.3 Gas capillary 
Gas capillary functions to transport high pressure focusing gas from gas 
tank/regulator to the GDVN. Fused silica capillaries with 100 micrometers inner diameter  
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Figure 3.3 Nozzle holder and assembly. The nozzle holder is a stainless steel piece that 
holds all parts together, while allowing easy adjustment of relative position and changing 
of components. 
 
and 360 micrometers outer diameter are commonly used. The end of the gas capillary 
needs to be several centimeters away from the tip of the liquid capillary and gas aperture, 
to give some time and space for the focusing gas to diffuse and equilibrate, achieving 
uniform axial symmetric gas flow at the gas focusing stage. Helium gas is commonly 
used for gas focusing, yielding much better results than Nitrogen. The reason is not 
certain but argument is helium achieves faster equilibrium and forms a more uniform gas 
focusing due to its much lower molecular weight, it also flows much faster than Nitrogen 
due to its much lower density to generate higher tangential stress. 
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3.2.3.4 Assembly of the parts/ adaptor to injector 
The very first construction of GDVN is just gluing the liquid and gas capillaries at 
the end of the stainless steel tube after adjusting positions with an adaptor. Later design 
incorporates a stainless steel nozzle holder as the one piece hub to assemble all part 
together and adapt to injector chamber (shown in Figure 3.3). The nozzle holder features 
upchurch 10-32 port on one end, to accept the stainless steel tube that holds the gas 
aperture. The other end has one upchurch 10-32 port that accepts the feed though dual-
bore Teflon sleeve for liquid and gas capillary, and one M9 threaded port to be mounted 
onto injector nozzle rod and form an airtight seal. The new nozzle holder allows easy 
adjustment of the position of the liquid capillary on site, to fix any possible position shift 
during transportation. It also allows reuse of components such as gas aperture or liquid 
capillary when the other part of the nozzle ceases to work, decrease the over all 
construction time. On site building of new nozzles is also made possible by this design, 
which vastly increases the ability to solve unanticipated injection problems during 
experiments. 
 
3.3. Analysis of the gas focusing process 
The gas focusing process is a delicate fluid dynamic process with a multi-phase 
dynamic boundary. It is an extremely complicated problem and so far there has been no 
accurate numerical simulation that simulates and explains the process quantitatively. But 
qualitative analysis can be achieved by analyzing this process in small steps(Gañán-
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Calvo et al. 2010; Vega et al. 2010; Acero et al. 2013; Montanero et al. 2010; Gañán-
Calvo, Ferrera, Torregrosa, et al. 2011). 
3.3.1 Gas flow 
Gas flow is the driving force of the formation of liquid meniscus and micro jet. It 
accelerates the liquid, decrease the diameter and increase the velocity of the flow, forms a 
free boundary, and balance against the surface tension of the liquid. The characteristics of 
the gas flow is defined by the geometry of the orifice where the gas travels through a 
narrowed down region with pressure difference(Gañán-Calvo, Ferrera & Montanero 
2011).  
 
The gas flow also poses a requirement on the surface smoothness of the gas aperture. 
In order to get most uniform and steady gas flow with max tangential stress, local 
turbulence and disturbance has to be minimized if not completely avoided. This requires 
a streamlined geometry of the gas aperture, and a certain smooth ness of the surface. By 
analyzing the boundary layer of gas flow in the orifice, the boundary layer can be 
calculated to have a characteristic thickness of about 1 micrometer(Montanero et al. 
2010). This translates to the surface smoothness requirement of 1 micrometer. The flame 
polishing process satisfies both the streamline geometry and surface smoothness 
requirement. 
 
In orifice plate geometry of the gas focusing process, the focusing gas flow can be 
characterized by pressure difference, height from the tip of the capillary to the orifice H, 
and diameter of the orifice D (shown in Figure 3.2). These parameters also apply to 
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coaxial gas aperture, just in a more complicated way. They together determine the 
tangential stress exerted on the liquid by the gas flow and the velocity profile of the gas 
flow as it accelerates through the orifice which in turn determine the formation of a stable 
continuous jet. 
 
3.3.2 Formation of meniscus 
To form a continuous micro jet, a steady conical liquid meniscus is necessary to be 
established first(Vega et al. 2010; Montanero et al. 2011). The conical meniscus is not a 
minimal surface free energy form, so it is a delicate dynamic balance between multiple 
stresses exerted on the liquid surface rather than a stable formation. When the right 
condition for forming a stable meniscus is not met, the meniscus can oscillates in size 
depending on the gas focusing property. The oscillation magnifies as the pressure drop 
decrease, eventually becomes very similar to dripping. The most crucial elements in this 
process are tangential stress exerted on the surface of the liquid from the focusing gas 
flow and the surface tension of the liquid. There are several conditions that could 
destabilize the liquid meniscus. First, when surface tension is strong enough compare to 
the tangential stress exerted on the surface of liquid by focusing gas, the surface tension 
tends to pull the meniscus back from the cone shape, consumes a significant amount of 
energy, destabilize the meniscus. Second, when the pressure difference between the tip of 
the capillary and the orifice is small enough, tangential stress is not sufficient to 
overcome the viscosity of the liquid to achieve desired tangential velocity gradient (shear 
flow) for forming a conical meniscus, hence no stable meniscus is maintained. Lastly, 
with small enough flow rate of liquid, the circulation cell formed in the meniscus by the 
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focusing gas can travel up stream into the capillary, consumes too much momentum of 
the liquid flow and blocks the flow, destabilizes the meniscus. 
 
The conical liquid meniscus can be formed in an unstable state when not enough 
tangential stress is exerted on the surface of liquid. In this condition, liquid fed though the 
capillary accumulates on the tip of the capillary, before being blown away as a droplet 
from the tip. In an extreme case of very small tangential stress, it appears to be similar to 
a dripping water tap. 
 
3.3.3 Continuous micro jet 
With a stable liquid conical meniscus established, liquid leaves at the tip of the 
meniscus, but not necessarily in the form of a continuous cylindrical column(Vega et al. 
2010; Montanero et al. 2011). Just like a Rayleigh jet, the micro jet formed by gas 
focusing process is also subject to surface perturbations, or surface waves. The surface 
waves magnify and will eventually break up the continuous jet into droplets, similar to 
the Rayleigh jet. However, in the case of GDVN, the process at the tip of the meniscus 
where the liquid is emitted is more delicate. The surface waves travel both up stream and 
down stream, and the velocity of the liquid column is dependent on the focusing gas. If 
the focusing gas at the tip of the meniscus is not fast enough or it does not accelerate the 
liquid stream fast enough to carry the up-stream travelling surface wave down stream, the 
surface wave will pinch the jet right at the tip of the meniscus. In this case, not 
continuous stable liquid jet is formed, in stead, a string of droplet is formed. This is a 
very common case in GDVN manufacturing and calls for close attention because for a 
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pair of inexperienced eyes, a string of droplets are very similar to a continuous stable 
liquid micro jet. 
3.4. Improvements on GDVN 
3.4.1 Improving the repeatability and reliability of GDVN 
The successful GDVN for SFX experiments started by using flame polished 
square glass tubes. The advantage of the square glass tube is that after flame polishing, 
one end of the tube shrinks into a circular orifice while the cross section of the shrunk 
tube right after the orifice is still rounded square, which provides a good structure to 
center the cone shaped liquid capillary while allowing gas to flow around it. 
 
There are several drawbacks about this design. First of all, it poses a very strict 
restriction of the positioning of the capillary. The capillary has to be pushed all the way 
in to properly sit on all four sides to be centered. This limits the relative position of the 
tip of the capillary and the orifice to the geometry of the gas aperture, which is fixed after 
flame polishing. It excludes the possibility of changing the gas focusing parameters such 
as shearing rate by change the distance between the tip of the capillary and the orifice. 
Secondly, this method also does not provide perfect centering of the capillary since the 
flame polishing process is not an axial-symmetric heating process and is affected by not 
just the surface tension and viscosity of melted glass but also the gravity. The asymmetry 
of the gas aperture leads to off centered sitting of capillary, which leads to crooked jet or 
no jet at all. Thirdly, since the capillary is wedged the flame polished gas aperture, there 
is little amount of tolerance on pushing the capillary farther than proper sitting since it 
would break the fragile glass gas aperture. All those drawbacks added together, the gas 
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aperture construction becomes a long process with very low success rate and little 
repeatability, it is also extremely difficult to specifically design a certain shape of gas 
aperture for a liquid with specific property. It is also common to find the gas aperture 
damaged during transportation or due to operational mistakes. 
 
A new design of the gas aperture and process of construction was developed to 
counter these problems and increase the repeatability and reliability of gas aperture. It 
mainly includes two parts: 
 
a. Rotary gas aperture melter 
The first one is the melting process of the gas aperture (shown in Figure 3.4). 
Instead of using a square glass tube, a round glass tube is used, with 750 micrometers ID 
and 1000 micrometers OD. The glass tube fits snugly into a stainless steel tube of 0.040 
inch ID, glued in place, yielding excellent straightness of the glass tube and concentricity. 
A specifically designed tip melter for the flame polish process is developed. The melter is 
equipped with a rotational mount to mount the stainless tube with the tip having as little 
lateral movements as possible, a motor to drive the rotation at a consistent speed, a flame 
torch tip mounted to optical translation stage for accurate control of position of the flame, 
and a microscope mounted inline with the gas aperture to look at the melting process. 
During a flame polishing process, the stainless steel tube is fitted onto the melter’s 
rotation mount. Then start the rotation, adjust the flame size then move the flame into the 
proper position for the polishing, watch the tip of the glass tube shrinks through the  
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Figure 3.4. Gas aperture melter. Left: The melter setup. Gas aperture in stainless steel 
tube is mounted on bearings, rotating at ~30 RPM, powered by a motor. A microscope is 
looking into the end of the gas aperture, monitoring the size of the orifice as it shrinks. A 
propane flame (about 2cm tall) is controlled accurately by a three axis translation stage. 
Right: The melted glass tip show smooth and symmetric geometry. 
 
microscope and stop the flame when the orifice has shrunk to desired size. This process 
greatly increases the repeatability of the output since every variable in the process can be  
precisely repeated. This gives us the ability to make the geometry of the gas aperture, as 
we desire by change the parameters. These parameters include the temperature of the 
flame, depth of the glass tube into the flame (the deeper into the flame, the slower the 
melted gas aperture shrinks along the axis, yielding less tangential stress in the gas 
focusing), time of melting (determining the size of the orifice). Many different 
parameters were explored and the results were tested. 
 
With the accurately controlled rotation melting process, the orifice and the gas 
aperture can achieve great concentricity. Measurements show carefully melted gas  
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Figure 3.5. Spacer. Left: The spacers hold tightly onto inner capillaries by the four 
protrusions inside the ring. Four legs support against the inner wall of the glass tube, 
providing excellent centering while allowing gas flow through the gaps. Right: A fully 
assembled nozzle, with ground glass aperture to avoid shadowing of the diffracted X-ray, 
and two spacers to avoid canting of the capillary. 
 
apertures can have orifices less then 5 micrometers off-centered. Considering the size of 
the orifice (~50 micrometers) and the size of the tip of the liquid capillary (50 
micrometers), this deviation of concentricity is negligible. 
 
b. Spacer 
To achieve a straight jet and best gas focusing effect, the tip of the liquid capillary 
also has to be in the center of the gas aperture. The older design was using the four sides 
of a square glass tube, which does not apply for the new round glass tube. So a laser cut 
spacer was made to center the capillary. A spacer is a ring with four legs sticking out, cut 
from sheet of Kepton with 0.005 inch thickness. It fits tightly onto the capillary, and the 
four legs support the capillary against the inner wall of the gas aperture (shown in Figure  
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Figure 3.6. Highly concentric gas aperture and liquid capillary. This picture is taken from 
the microscope looking into the end of the gas aperture. The hole in the center is the gas 
orifice, and through the orifice, the liquid capillary is visible. The combination of rotation 
melting and spacer centering yields excellent consistency and concentricity.  
 
3.5). This ensures the capillary staying in the center of the gas aperture. For best result 
and preventing any canting of the capillary, usually two spacers are used with several 
millimeters apart and the first one as close to the tip of the capillary as possible. 
 
This new design is a huge advance over the older design in several ways. First of 
all, it vastly improves the performance of the GDVN. The rotation melting and the spacer 
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together ensure excellent concentricity (less than 0.5% deviation, shown in Figure 3.6), 
which in turn makes construction of extremely straight micro jet relatively easy. The 
increase in concentricity also increases the range of positioning of the capillary relative to 
the orifice, making it possible to position the capillary within regions with different 
tangential stress, yielding thinner/more stable micro jet when impossible for older design. 
Secondly, this design standardizes the process of construction of GDVN in a certain 
degree. The standardization makes the construction of GDVN more repeatable and offers 
a way to build a GDVN specifically for a certain liquid instead of try and error. It also 
makes the construction process much faster, instead of one nozzle a day, it is not very 
uncommon that one good GDVN is constructed within half an hour with great result. The 
most important outcome of this design is that when coupled with the reassemblable 
nozzle holder, it enables fast construction and reconstruction of GDVN during 
beamtimes. This is advantageous especially for samples with tendency of clogging or 
samples with unknown property, and for the unexpected change of sample property 
during experiments since it offers the ability to build the proper GDVN that matches the 
property of sample in a relatively short time in response to the emergencies during 
experiments, preserving previous beamtime. Lastly, the repeatable and controllable 
construction of gas aperture offers the ability to explore different geometry of gas 
apertures for the best design for a specific liquid with certain property. 
 
So far, the most universally successful gas aperture is a “double curve” gas aperture. 
It has a very steep shrinking at the orifice, which offers a huge amount of tangential stress 
to generate the micro jet even the most viscous liquid used for experiments such as 20% 
	   55	  
PEG 10000 solution. Several hundreds of micrometers to a few millimeters after the steep 
shrinking part, another very small shrinking exists, which behaves like a shoulder. The 
spacer sits on this shoulder in a wedged-in manner, excluding any tolerance in the size of 
the spacer and the ID of the glass tube. This geometry is achieved by a special melting 
process: Start melting with a small depth (about 1 millimeter) of the tip of the glass tube 
in the flame, wait till the orifice is melted to the desired size, push the tube into the flame 
about several millimeters, wait for a few seconds and turn off the flame. The first melting 
shapes the orifice and the gas focusing geometry of the gas aperture, the second melting 
forms the shoulder that helps center the spacer better. 
 
3.4.2 Exploration of gas aperture geometry for corresponding liquid property 
The most crucial aspect of a GDVN is the focusing gas because it generates all 
the dynamics during the process of establishing a continuous stable micro liquid jet. For 
liquid with different properties, different gas dynamics such as gas flow speed, tangential 
stress and pressure are needed. The gas dynamics is solely defined by the geometry of the 
gas aperture, so for the best result for a certain liquid, a corresponding geometry of the 
gas aperture is needed.  
 
A few examples of geometry of gas aperture are listed here for corresponding 
requirements and liquid properties. 
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3.4.2.1 Liquid with high viscosity 
Viscosity is the measurement of the ratio of tangential stress and the gradient of 
tangential displacement. To form a meniscus and a micro jet, tangential stress accelerates 
the surface of the liquid up in the direction of gas flow, forms a reverse parabolic velocity 
distribution. This process accelerates the liquid, decrease the diameter of the liquid 
stream, eventually forms the micro jet. For high viscosity liquid, higher tangential stress 
is required to achieve the same gradient of tangential displacement, which is determined 
by the geometry of the meniscus and micro jet. To achieve higher tangential stress, a very 
abrupt narrowing of the gas aperture is required. To form a stable continuous micro jet, 
the perturbations on the surface of the liquid also need to be send down stream fast 
enough to avoid the perturbation travelling up stream and cut the stream into droplets. In 
experiments, we have most successes with abruptly narrowing gas apertures and high gas 
pressure when jetting high viscosity liquid. And once a continuous micro jet is 
established, it usually has lower diameter and lower flow rate than the liquid jet with low 
viscosity. 
 
3.4.2.2 Low flow rate jet 
Sample consumption is an important aspect of sample injection since biological 
samples are extremely precious and hard to prepare. GDVN with low flow rate can be 
very helpful in cases of limited sample. To achieve this goal, the jet needs to have lowest 
possible velocity and smallest diameter while maintaining a stable, continuous jet. A 
small orifice is necessary for a small diameter jet. And low velocity requires a shortest 
acceleration process while still forming a meniscus and a micro jet, hence the tip of the 
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capillary as close to the orifice as possible, the narrowing of gas aperture as abrupt as 
possible. The challenge for this configuration is that when the tip of the capillary is very 
close to the orifice, which is very small in the mean time, the jet becomes extremely 
sensitive to any deviation from concentricity. Any deviation from concentricity would 
yield the leaving point of micro jet from the meniscus deviating from the center, and a 
very crooked jet. A lot of times a crooked jet hit the wall of a very small orifice, causing 
failure of jetting. The rotation melting of gas aperture and spacer improves the 
concentricity significantly and in most cases avoids this problem, but does not completely 
solve it. 
 
With small orifice, abrupt narrowing and capillary tip close to orifice, the flow 
rate of a liquid jet has been decreased to as low as 2 microliter per minute. It is a 
significant drop from the flow rate of 25 microliter per minute or higher when GDVN is 
first adopted for SFX experiments. 
 
The improvements on the GDVN have significant impact on the SFX 
experiments. The lowered sample consumption requires much less sample to solve a 
structure. The ability to reliably jet high viscosity liquid makes some biological samples 
possible for SFX experiments. Most importantly, the improvements on the reliability and 
repeatability vastly decrease the down time in experiments due to injection problems, the 
much shorter time required to build a GDVN and the wider range of parameters that can 
be adjusted in building a GDVN make building GDVN during experiments possible.  
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3.5 GDVN for pump probe experiments 
For the study of various biological processes, time-resolved crystallography offers 
a powerful tool, to investigate the dynamics by looking at the structure of the target 
biomolecule at different stages of reaction(Aquila et al. 2012). Pump-probe experiments 
enable the time-resolved crystallography for processes that initiated by photons. In such 
experiments, the sample is exposed to one or a series of timed pump laser pulses to start 
the process, followed by the probing of X-ray beam. The application of pump-probe 
experiment on XFEL with GDVN injector requires modifications on the GDVN injector, 
and limitations apply. 
 
Pump-probe experiments require exact timing between the pumping and probing 
by optical laser and XFEL pulses respectively. The time varies with the process time 
scale that is in interest. After the sample leaves the GDVN in the jet, it travels at 
approximately 10m/s for about 200 µm before probed by the XFEL beam. This leaves 
about 20 µs between leaving the nozzle and probing, which is short for many processes. 
In the case of longer time requirement, pumping has to happen while the sample is still in 
the liquid capillary within the nozzle. While the sample is in the capillary, it’s velocity is 
about 0.1m/s, enabling a much long time range between the pumping and probing. 
Ideally, for the continuous liquid flow, the time between pumping and probing can be 
directly coupled to the distance between the position of the pumping and the probing. 
However, being unable to limit the pump laser at exact position in the capillary, the 
common method is to pump a large portion of the liquid column in the capillary, and 
probe a small liquid cell that belongs to this column. In this way, the time between pump 
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and probe is simply the time between the pulse of pump laser and probe XFEL beam. 
This leads to the limitation that the time between pump and probe has to be shorter than 
the probe repetition time interval, to avoid double pumping or early probing. The nozzle 
it self also poses difficulties on the pumping. Since the nozzle consists of a glass outer 
tube and a polymer coated glass capillary, pump laser could be refracted though the 
multiple layers of glass and coating. The glass tube could also be a waveguide for the 
pump laser to help it travel upstream in the capillary and pump sample upstream. In some 
experiments, black paint is utilized to block the pump laser to upstream areas. The wall of 
the liquid capillary can be a great wave guide for the pump laser especially when the laser 
is reflected into the wall from the ground cone tip of the capillary.  To minimize the 
reflected laser, the cone tip can be ground with grinding pad with smaller grid size, to 
achieve a smoother, optical clear surface. 
 
The upper limit of the pump-probe delay time is imposed by the length of the 
outer glass tube of the nozzle. For normal configuration of the nozzle, which incorporates 
a glass tube glued in a stainless steel tube for increased strength, the limit is about 50 ms, 
corresponding to 1cm of glass tube. If glass tube is used for the entire length, without 
stainless steel tube, the upper limit can be increased to more than 200ms. 
 
3.6 Future development 
The GDVN has been one of the standard sample injection method used in SFX 
experiments. It has yielded by far the most structures from SFX experiments. However, 
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this does not indicate the GDVN is a well-developed and mature method. There are still 
many aspects worth further developments and improvements. 
a. Reliability 
Clogging/freezing among other issues that cause the cease of jetting during 
experiments need to be tackled. Any interruption of jetting is a waste of precious 
sample and beam time. 
 
b. Repeatability 
Till now the construction of two completely identical GDVN is still impossible. If 
we can accurately repeat a certain design of GDVN, it would enable us to further 
optimize the geometry of GDVN for better performance. 
 
c. Compatibility 
Generally speaking different samples with different properties requires different 
geometry of GDVN design, sometime vastly different. If there would be a general 
design that performs reasonably well for most liquids, it would be very helpful as 
a go-to design when large quantity is required and best performance ( flow rate, 
jet diameter, etc.) is not critical. 
 
There are several ongoing efforts of improving the GDVN. Most noticeable are 
microfluidic device, mod injection manufacturing and 3D printing.  
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3.6.1 Microfluidic device integration 
Microfluidic device has been used in experiments of biochemical processes in 
liquid environment for a long time, with numerous capabilities and possibilities. 
Integration of GDVN and microfluidic device would unify the advantage of GDVN with 
the unlimited possibility of microfluidic device, create new experimental methods of 
sample injection and reaction processes such as pulsing jet, particle size selection and fast 
mixing and injection(Park et al. 2006). 
 
Microfluidic device has the advantage of easy manufacture and designing, 
allowing the realization of complicated tasks. Various fast mixing microfluidic devices 
have been developed, achieving fast mixing through creating small diffusion length. 
Extremely narrow channels are feasible for microfluidic device due to the two 
dimensional nature of the device, the channels are not easily clogged with single dusts. 
Filtration system can even be integrated into the same device up stream if needed. 
However they can not be used in XFEL experiment for several reasons. First the 
extremely strong XFEL beam will destroy any wall on the device, compromising the 
ability to carry out repeated exposures. Secondly, although the channels of microfluidic 
devices can be made to very small dimensions, the depth of the channels are limited to 
larger than several hundred micrometers. This generates a significant background for the 
X-ray diffraction, disqualifying the application on XFEL experiments. 
 
Other mechanical or fluid dynamical applications are also feasible on microfluidic 
device. Size selection of nanocrystals has been accomplished with local electronic field. 
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Pulsed injection of sample is also realized with multiple selective channels. However for 
the application of these devices in XFEL experiments, microfluidic devices have to be 
integrated with GDVN to allow a continuous thin liquid column to be injected out of the 
device into XFEL beam. 
 
Attempts are carried out for the integration and several GDVN jet has been 
produced with microfluidic device. However, so far there has been no applicable design, 
mainly due to the difficulty and high requirement on the gas aperture. 
 
3.6.2 Mold injection and 3D printing 
Mold injection manufacturing and 3D printing both focus on the manufacture of gas 
aperture, aim at improving the repeatability and reliability of gas aperture further from 
the rotation melting process. The mold injection utilizes a die and materials such as 
polymer and ceramic to build the gas aperture, yielding gas apertures with almost exactly 
the same dimension and geometry. However the die is expensive and difficult to build, 
and there is not much flexibility in building gas aperture with different geometry. 3D 
printing is a promising technology for the future development of GDVN. Ideally 3D 
printing gives us perfectly built gas aperture as we designed with 3D CAD drawing, 
giving us the flexibility to build any geometry we desire, and the ability to make sure 
every gas aperture is built to spec. There are still a lot of challenges remaining, such as 
the resolution of 3D printing, the overall dimension limitation for high resolution 3D 
printing, slow building speed, and restrictions on the part design imposed by printing 
process.  
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3.7 Sample reservoir, delivery and environment control 
 
The GDVN and liquid injector enables the injection of liquid sample into the 
XFEL pulses in a continuous jet in vacuum, the alignment of pump laser, liquid jet and 
XFEL beam, and the insertion and extraction of GDVN without venting the experimental 
chamber. They are crucial parts of XFEL experiments. However, liquid sample injection 
system is more than liquid injector and GDVN. 
 
Other than the liquid injector and GDVN, it is also required to have sample 
reservoirs for storage of sample during the course of experiment providing friendly 
environment for sample, switching mechanisms for changing of sample during 
experiments and/or washing the system with water, and means to provide the required 
high pressure of the injection of sample. 
 
3.7.1 Sample reservoir and environment control 
Reservoir provides the volume for the storage of samples during the course of the 
experiment, and pressurize sample to drive it through the capillary to jet. The 
requirements determine two most important aspects of its function: providing suitable 
environment for a certain amount of time, and withstanding high pressure reliably 
without leakage. 
 
Biological samples are generally fragile and very sensitive to the environment. 
There are several elements that could damage the sample.  
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First of all, it is the material of the reservoir, along with the port, filter, tubing, 
and anything in direct contact with the sample. Some materials could bind to proteins or 
trigger the conformational change of proteins in the sample. So far, we only use 
biocompatible materials such as stainless steel, glass, PEEK, Radel and Teflon. Any 
coating is avoided unless compatibility is proven.  
 
Secondly, some samples are extremely sensitive to temperature and could require 
a stable temperature slightly lower or higher than room temperature. This requires an 
active temperature control mechanism that regulates the temperature of the sample 
actively with cooling or heating capabilities, keeping the temperature in a suitable area.  
 
Then, for sample consists of nanocrystals or microcrystals suspended in buffer, 
settling is a problem. The relative large size of particles, along with their different density 
than water, causes the crystals to settle, either by sinking to the bottom, or floating to the 
top. Settling can cause various effects based on the conditions such as concentration, 
particle size, and density among other things. In the case of small crystal, small density 
difference and low concentration, the settling would create a concentration distribution 
along the reservoir, resulting in a change of hit rate over time. In worse scenario such as 
high sample concentration, the concentration distribution from settling could lead to 
aggregation of crystals and cause clogging of the nozzle.  
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Lastly, some biological samples may be sensitive to light, especially those sample 
for pump-probe experiments such as Photo System I and II. The exposure to optical light 
can cause conformational change of the sample before the desired controlled exposure to 
the pump laser, leading error to the experimental result. And in worst scenario, exposure 
to light can cause the sample crystal to completely disintegrate over a certain amount of 
time, effectively destroy the precious sample. Hence for those light sensitive samples, the 
reservoir along with all the ports and tubings the sample resides in need to be completely 
shielded from the light. 
 
 The extremely high pressure required for the GDVN (from several hundred psi to 
up to 3000 psi) also poses a challenge to the sample reservoir and seals. Failure of port, 
seals among other things have been experienced during the experiments, causing waste of 
precious sample and limited beam time. In the worst-case scenario, the reservoir could 
fail and cause danger to instruments and people. 
 
3.7.2 Reservoirs 
 There have been significant improvements of sample environment instruments 
over the past several years of XFEL experiments to satisfy the requirements of the 
samples in interest. New systems or improvements are being developed all the time to 
meet the increasing popularity of the XFEL method and diversity of samples. 
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3.7.2.1 Gas pressurized cylindrical reservoir 
 The first generation of sample reservoir incorporates cylindrical thick-wall 
polymer rod with upchurch fittings (shown in Figure 3.7) . It is simply a certain length of 
polymer rod, drilled through and tapped on both end for fittings. The inner diameter is  
 
Figure 3.7. Drawing of cylindrical sample reservoir. 
 
3.6mm and outer diameter is 25.4mm. Length is about 12cm, including the fittings. 
Volume is 1ml. The inner diameter is chosen so 1 cm of length of the reservoir 
corresponds to about 0.1ml of volume. The thick wall of the reservoir ensured its ability 
to withstand extreme pressure. 
 
 There have been several materials chosen for the building of reservoir. The first 
material is acrylic, which provides the ability of observing the liquid surface directly with 
its transparent property. However, acrylic was later found not ideal for this application, 
due to its brittle nature. Although acrylic is strong enough to hold the pressure, the 
extreme stress on the thread of the fittings especially when overtightening could chip off 
the material, causing failure or even injury. PEEK then became the standard material. 
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Recently, the call for visibility of liquid surface led to the RADEL material, which is both 
extremely strong and transparent. 
 
3.7.2.2 Stainless steel water pressurized sample reservoir 
 
Figure 3.8. Stainless steel sample reservoir. Pressurized with water supplied by HPLC, 
this reservoir can offer pressure up to 6,000psi, while providing the ability to be fitted 
into anti-settler. 
 
 Gas pressurized sample reservoirs are easy to build, easy to setup and easy to use. 
However, they also have several inherent shortcomings. First of all, the expansive nature 
of pressurized gas poses danger to the instruments and people if something fails. It also 
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makes the sample feeding difficult to control because in GDVN, what matters is the flow 
rate of the sample, instead of pressure applied on it. Hence when using gas pressure, we  
 
do not know the actual flow rate, nor can we maintain stable flow rate when the resist of 
flow is changing, which happens all the time. Secondly, although gas-liquid boundary 
gives a good separation of sample with other contamination, it also requires the reservoir 
to be setup in an up straight position. Hence rotating of the reservoir is not possible, 
limiting the ability of anti-settling the sample. 
 
 Hence water pressurized sample reservoir is introduced. To avoid the contact of 
sample with water, a plunger with high-pressure seals is used to separate two liquids. The 
reservoir has a cylindrical inner volume, hexagonal outer shape for application of 
wrenches and one upchurch 10-32 port on each side (shown in Figure 3.8). Water is 
introduced from one side to pressurize the plunger, which pushes the sample out of the 
other side. The requirement of sealing against high pressure forces an extremely smooth 
inner bore and small tolerance. Hence stainless steel is used for building the reservoir, 
and it in turn gives the ability of achieving extremely high pressure up to 5000 psi. 
Actually the limitation of pressure is not on reservoir for this setup, but on other part of 
the injection system. The water is pressurized and supplied by HPLC pump which can 
provide up to 6000psi pressure. When operating in constant flow rate mode, it can also 
accurately control the flow rate of the water output, giving accurate control over the 
sample injection. This setup also gives the ability to rotate the reservoir. 
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3.7.3 Anti-settler with temperature control 
 
Figure 3.9. ASU anti-settler and cooler. A. This new setup offering much smaller 
footprint. B. Picture taken with thermal imaging. The plate is significantly cooler than 
environment (the black region shows the low temperature by block reflection with silicon 
gel, while blue and purple region appears hotter due to surface reflection of IR). 
 
 As stated before, sample settling poses a serious problem for experimental 
reliability, as well as the sensitivity to temperature of some samples. The anti-settler with 
temperature control is designed to solve those two problems together.  
 
The idea of the device is very straightforward. To prevent settling, the reservoir 
has to be rotated up side down slowly, so the sinking/floating of the particles are reversed 
by the reverse of the gravity direction relative to the reservoir. Temperature control/feed 
back device is also needed. 
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There have been a few designs of anti settler. The very first one is described by 
Lomb(Lomb et al. 2012). It is effective while took a significant amount of space, and 
limits its application on some experiments.  
 
Another anti-settling device has been designed and built in ASU, with small 
footprint and easy control (shown in Figure 3.9). The device consists of rotation platform 
and a control box. The rotation platform is driven by a high-torque step motor, torque 
amplified by 4 times with a pair of gear. A stainless steel axle is supported by two ball 
bearings on an aluminum tower, which can be secured on any optical breadboard, and 
stands clear away from the breadboard to provide space for the rotation. A frame is 
mounted at the end of the axle, housing a thermoelectric cooler, and the aluminum 
reservoir mounting plate. A PEEK cap is used to secure the reservoir on the plate and 
form heat isolation between the reservoir and ambient heat. A thermocouple temperature 
sensor is fixed on the aluminum reservoir mounting plate. 
 
The step motor is programmed to do a full revolution of the reservoir in one 
direction and one revolution back, and then repeat, once it is powered on. When the 
power is off, the there is no holding torque on the motor, simplifying the process of 
switching sample reservoir. The thermoelectric cooler is controlled with a controlling 
panel on the control box. It has been tested to maintain 4 Celsius degree over 18 hours 
reliably. It has been noticed that the temperature picked up by the thermocouple sensor is 
slightly lower ( about 0.5 Celsius for a 4 Celsius set temperature) than the temperature of 
the sample, measured in the reservoir.
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Chapter 4 
DOUBLE FOCUSING MIXING JET FOR  
XFEL STUDY OF CHEMICAL DYNAMICS 
 Several liquid sample injection methods have been developed to satisfy the 
requirements for serial femtosecond X-ray nanocrystallography (SFX), which enables 
radiation damage free determination of molecular structure at room temperature. Time-
resolved nanocrystallography would combine structure analysis with chemical kinetics by 
determining the structures of the transient states and chemical kinetic mechanisms 
simultaneously. A windowless liquid mixing jet device has been designed for this 
purpose. It achieves fast, uniform mixing of substrates and enzymes in the jet within 
250µs, with an adjustable delay between mixing and probing by the XFEL beam of up to 
one second for each frame of a “movie”. The principle of the liquid mixing jet device is 
illustrated using numerical simulation, and experimental results are presented using a 
fluorescent dye. 
 
4.1 Introduction 
 Kinetic studies of conformational changes of macromolecules provide valuable 
information on the function and dynamics of biomolecules. A thorough study of reaction 
kinetics requires knowledge of the transient state of molecules during conformational 
changes. This necessitates the investigation of molecular structure at various time points, 
as in time-resolved crystallography, often based on pump-probe methods (Aquila et al. 
2012 for an XFEL example and references to earlier work at synchrotrons). Here we 
consider chemical processes (such as a substrate-enzyme interaction, or protein folding or 
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unfolding) where the rapid mixing of two solutions initiates a reaction. The mixing time 
then sets the time resolution of the structural measurements, which will use femtosecond 
pulses of an X-ray laser. These short pulses outrun radiation damage, allowing the study 
of protein molecules or nanocrystals at room temperature, alleviating concerns of damage 
due to freezing (Chapman et al. 2011). The fast nature of some conformational changes, 
e.g. protein folding or unfolding, calls for new experimental methods, which access rapid 
time scales. Several techniques have been adopted in the past, such as photochemical 
triggering, temperature/pressure jump and rapid fluid mixing (see Shastry et al. 1998 for 
a review). 
 
X-ray Free Electron Lasers have opened up new opportunities for crystallography  
(Liu et al. 2013) due to the ability to outrun radiation damage in a “diffract-before-
destroy” read-out mode, and may also allow diffraction measurements with very high 
time-resolution at room temperature where multiple copies of a sample can be provided 
(See Spence et al., 2012 for a review). XFELs can provide 1012 photons per 50 fs hard-
Xray pulse, currently at a pulse repetition rate of 120 Hz.  The requirements for sample 
delivery in XFEL experiments, such as high replenishment rate in a hydrated 
environment in vacuum (Weierstall et al. 2012) thus pose challenges for existing closed 
cell liquid mixing methods (Schmidt 2013). Turbulent mixing (Cherepanov & De Vries 
2004) can achieve extremely fast mixing times, but high sample consumption limits its 
utility for most biological samples. The extremely short and fixed mix-to-probe delay 
time also limits its application to measure full reaction time courses. Microfluidic devices 
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(Pabit & Hagen 2002) can be ruled out due to the extremely bright XFEL beam which 
vaporizes any material in its path.  
 
Here we demonstrate a liquid mixing jet device, which mixes two liquids inside a 
nozzle and then injects them as a free jet into vacuum to achieve fast mixing and an 
adjustable delay time, while addressing the requirements of XFEL experiments. A 
coaxial liquid flow structure is utilized for mixing two liquids, then a gas focusing 
mechanism is used to form a continuous thin liquid jet (DePonte et al. 2008; Weierstall et 
al. 2012) while avoiding nozzle clogging problems. Mixer structure and fabrication is 
described, followed by numerical simulations and experimental results using a 
fluorescent dye to measure the performance of the mixing nozzle. 
 
4.2 Fast mixing for time resolved study 
 Enzymes as biological catalysts, play a vital part in all life forms and biological 
reactions. Biologists learned to think enzymes in terms of 3D atomic structure of 
biological molecules after the first structural determination of biological macromolecules 
at the end of 50s, discovering the structure-function relationships. However, the 
structures of the enzymes are static, hiding the information of structural transition during 
catalysis. Time resolved crystallography made the observation of catalytic action of 
proteins in atomic level possible. Ultrafast time-resolved crystallography use pump-probe 
method, utilized a short and extremely intense X-ray pulse following a pumping laser 
pulse to achieve ultra fine time resolution. By adjusting the delay between the pumping 
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laser pulse and the probing X-ray pulse, snapshots of a protein are taken as a function of 
time. This generates the structural change of enzyme or protein during catalysis reaction 
as a function of time. The static crystallography becomes kinetic.  
 
 The pump-probe method gives the opportunity to study the reactions in a time-
resolved manner. However, the requirement of a pumping laser necessitates the use of 
photon-sensitive proteins or photon activated samples that the reaction can be triggered 
by photons. For the majority of enzyme actions, a different trigger of the starting of 
reaction need to be used. The pump-probe method gives excellent time resolution since 
the trigger time is very short due to the fast travel speed of light. For other triggering 
methods, the velocity of enzyme reactions must be considered. Reaction times in 
enzymes vary enormously, from microseconds to hours. Most enzymes lie around the 
catalytic rates of 100 1/s, which corresponds to about 10 milliseconds reaction time. 
Hence, a millisecond trigger is necessary. 
 
  The other approach to enzymology is to mix enzyme with substrate and observe 
the reaction with time resolved methods. For this purpose, special devices are designed 
and constructed. The enzyme is mixed with substrate and injected then being probed after 
certain time of evolution of the reaction, in a continuous or pulsing manner. In order to 
take the advantage of the XFEL beam, the device need to accommodate nanocrystals for 
time-resolved crystallography, providing a continuous jet, while controlling both mixing 
and injecting. So a sufficient low mixing time must be achieved, as well as an adjustable 
time delay between mixing and being probed by X-ray pulse. If the mixing time is longer 
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than the reaction time of the enzyme, the time resolution would be too bad to investigate 
any transient state kinetic experiment. 
 
 Although there are many different methods and instruments for fast mixing of 
liquids, in general, the principle is either mixing by turbulence or by diffusion.  
 
 Turbulence can generate extremely fast mixing, in microseconds region, since it 
breaks up streamlines and bring particles residing in different streamlines together. 
However, generating turbulence in small scale is not an easy task. For turbulence to 
occur, the Reynolds number has to be larger than 3000. The calculation of Reynolds 
number can be expressed as  
Re = ρvDH
µ
 
In which v is flow velocity, ρ  is liquid density, DH is the hydraulic length, µ  is the 
dynamic viscosity. Since density and viscosity is fixed for a given sample, at the small 
scale of several tens of microns, the flow velocity is extremely high, in the region of 
several tens of meters per second to 100 m/s. 
 
 Diffusive mixing relies on the diffusion of particles in liquid. This is an extremely 
slow process comparing to the turbulence. It is described by Fick’s second law: 
∂φ
∂t = D∇
2φ  
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Where φ is the concentration as a function of time and space, D is the diffusion 
coefficient and t is time. By solving the equation in one dimension, a characteristic 
diffusion time for a certain distance can be expressed as t = L
2
4D . This gives a good 
estimation of mixing time for certain molecules at a scale of L. For diffusive mixing, 
most instruments are built on the principle of merging two laminar flows containing 
different molecules together, and let the small molecules from one of the flows diffuse 
into the other flow. In the process, only the transverse diffusion across the streamlines 
matter. This requires the flow that is being diffused into need to have a small dimension, 
and preferably being surrounded by the other flow. Also the molecule that diffuses into 
the other flow needs to be small, to have a higher diffusion coefficient. The laminar flow 
can be described and simulated with Navier-Stocks equation, and the diffusion process 
can be added to the flow simulation. Hence diffusion time and mixing time can 
accurately calculated for a mixing system.  
 
4.3 Previous designs of fast liquid mixing instruments 
 Due to the demand of methods for study of chemical kinetics, many mixing 
instruments have been designed. They generally fall in two categories, by turbulence or 
by diffusion. 
  
 Turbulence mixing gives excellent mixing time, and is the preferable method for 
extremely fast mixing (shown in Figure4.1). One turbulence mixing nozzle has been 
designed for the study of extremely fast enzyme catalysis  
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Figure 4.1. Turbulence mixer. Left: the geometry of the mixer. Lower graph shows the 
channels and the pre-mixing chamber in the center. The channels are caped by a disk with 
an orifice in the center. The upper graph shows the section view of the nozzle. 1: the 
orifice. 2: cap. 3: pre-mixing chamber. 4: the nozzle body. 5: the channels. Right: photo 
of the Rayleigh jet forms by the nozzle. Reproduced from(Cherepanov & De Vries 2004) 
 
(Cherepanov & De Vries 2004). In this nozzle, two different solutions are supplied 
through two pairs of channels, and then meet together in a small chamber before the 
liquid is pressurized through a small orifice and form a Rayleigh jet. Due to the 
requirement of Reynolds number being larger than 3000 to form turbulence, the flow rate 
of the liquids have to be extremely high, and the mixing actually happens only in the 
orifice, not in the chamber where flows from different channels meet, since the orifice  
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Figure 4.2. Microfluidic mixer for diffusive mixing. Left: The geometry of channels. 
Right, magnified mixing region, the green fluorescence comes from the mixing of two 
fluids from the center channel and side channel, hence the outer line of the focused down 
center flow. Reproduced with permission from (Pabit & Hagen 2002) 
 
provides a smaller hydraulic length comparing to the chamber.  The orifice has a 
diameter of 20 m, which is the lower limit for generation of Rayleigh jet without 
frequent clogging issue. With this geometry, this nozzle requires a flow rate of 3.4ml/min 
for generation of turbulence. The Re in the pre-mixing chamber is ~500-1000, while the 
Re in the orifice is ~4000, guaranteeing the turbulence generation in the orifice. The 
mixing time can be as low as ~180ns. 
 
 The problem of this instrument is obvious. First of all, it has a extremely high 
sample consumption, 3.4ml/min is about 1000 times high than the GDVN we normally 
use for SFX. Secondly, there is no control of delay time between mixing and probing. 
The Rayleigh jet after the mixing travels at about 10 m/s, and the jet breaks up due to 
Rayleigh instability after several hundred micrometers. For SFX, the X-ray needs to 
µ
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probe the continuous region of the jet for hit rate reason. This gives less than 100µ s of 
adjustment of delay by changing the interaction region. 
 
 Diffusive mixing devices have also been developed to solve these problems. 
Some of those devices are built with microfluidic method (Pabit & Hagen 2002; Park et 
al. 2006) ( shown in Figure 4.2).  For these device, a center channel and two or more side 
channels are adopted, the center channel carries flow with protein molecules or 
nanocrystals, while the side channels carry flows with small molecules or enzymes that 
diffuse fast. They merge at a certain point and form a single channel. The side flows have 
much high flow velocity than the center flow, so the center flow would be hydraulically 
focused to small dimension, generating much smaller distance for diffusion and allow 
fast mixing. This method can achieve mixing time of several hundred microseconds. It is 
several orders of magnitude higher than diffusion mixing, hence less usable for fast 
enzyme reactions. 
 
 
4.4 Preliminary designs and experimentations 
The first attempt to satisfy the requirements of fast mixing of two liquids prior of 
injection for probing by X-Ray free electron laser is a modification of the GDVN, 
utilizing the recirculation at the tip of the capillary generated by the focusing gas. This 
design uses a dual-bore capillary to substitute the liquid capillary in the GDVN. Those 
two bores are parallel with each other, symmetric relative to the axis. Two different 
liquids are fed into those two bores at desired flow rate by syringe pump, gas pressurized 
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sample reservoir or HPLC pump. The tip of the dual bore capillary is ground as usual to a 
cone shape, while leaving a small meplat at the tip of the capillary. Two bores in the 
capillary forms two oval shaped opening at opposite side of the meplat, allowing the 
liquid to flow on the surface of the ground cone to the meplat area at the influence of the 
gas flow. Two liquids meet at the meplat area, form a meniscus which base is the meplat, 
and then form a continuous stable micro jet, similar to the GDVN. The mixing process 
occurs at the meniscus. When two liquids meet together at the meniscus, the tangential 
stress exerted on the surface by the focusing gas generates recirculations in the meniscus, 
which induces fast mixing of two different liquids. The mixing time scale can be easily 
estimated by the flow rate and the size of the meniscus. Two liquids are completely 
isolated before entering meniscus, and they are fully mixed when liquid leaves meniscus 
in the micro jet. The mixing happens between entering and exiting meniscus, which 
makes the max mixing time to be the volume of the meniscus divided by the sum of the 
flow rate of two liquids. For typical flow rate of 20ul/min and meniscus size of 0.26nl of 
a GDVN, the mixing time is less than 0.2 microsecond. The mixing time achieved by this 
design satisfy the time resolution requirement of most biological reactions. However, this 
design fails to achieve the requirement of the adjustable time delay between reaction and 
probing. After the liquid leaves the meniscus in the micro jet, the jet travels at the speed 
of about 10m/s, lasting several hundred micrometers to several millimeters before 
breaking up to droplets. The X-ray probes the liquid in the continuous region, so the 
delay time between mixing and probing can be changed by moving the probing point up 
or down stream. Since the continuous region is very short and right after the meniscus, 
the time delay between mixing and probing is very short and adjustment is small. 
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Figure 4.3(a).  The geometry and principle of liquid mixing jet device. Two liquids, fed 
through the inner liquid line and the outer liquid line mix at the end of the inner liquid 
line. After an adjustable delay, flowing between the end of the inner line and end of outer 
line, the flow goes through a gas focusing process and forms a thin jet. The delay time 
can be changed by changing the position of the inner liquid line relative to the outer 
liquid line. 
 
4.5 Fluid mechanics and device design 
A schematic of the mixing device is shown in Figure 4.1(a), and the actual device 
in Figure 4.1(b). The device consists of three coaxial telescopic tubes, namely an inner  
liquid tube with 20 micron inner diameter (ID) and 100 microns outer diameter (OD) 
containing liquid 1, an intermediate liquid tube with 200 micron ID and 360 micron OD  
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Figure 4.3(b). Photograph of the actual device, showing the innermost capillary on-axis 
and the emerging jet. 
 
containing liquid 2,  and an outer gas focusing tube. By terminating the inner tube short 
of the outer two (which are about the same length, terminating in a Gas Dynamic Virtual 
Nozzle  (GDVN) (DePonte et al (2008)), liquid 1 in the innermost tube emerges to meet 
and mix with liquid 2 before both liquids are gas focused and emerge from the GDVN  
nozzle as a free jet. Both liquid lines have a cone shaped end for smooth fluid flow. The 
gas focusing aperture has an ID of 750 microns and an OD of 1000 micrometers, and its 
end is flame melted and formed to a specific shape for generating the gas focusing effect 
needed to form a free jet (Weierstall et al 2012).  
 
As shown in fig 4.1, the solution of protein molecules or protein nano-crystals is 
fed through the inner liquid line, meeting with a solution of small molecules (reagents) 
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which trigger the reaction when liquid 1 and 2 mix. The outer liquid 2 flows much faster 
than the inner liquid 1, causing a hydrodynamic focusing of the inner liquid flow at the 
exit of the inner capillary. The diameter of the inner flow decreases rapidly from 20 
micrometer to approximately 1um, providing a short diffusion distance for reagents from 
the outer flow into the inner flow and therefore a short mixing time. 
 
After the combined liquid flow leaves the end of the outer liquid line into vacuum, 
it passes through a gas focusing aperture and is accelerated by the focusing gas to form a 
free liquid jet with a diameter of 3 to 7 micrometer. The focusing is consistent with 
conservation of the product of area A and velocity V for incompressible flow. The device 
is therefore double-focussing. The free jet travels at a speed of about 10 m/s and remains 
continuous for several hundreds of micrometers, before breaking up by a necking 
instability into small droplets, similar to a Rayleigh jet  (see DePonte et al 2008). The 
XFEL beam probes the jet in the continuous region, rather than the droplet region. 
 
For different biomolecular processes, different mix-to-probe delay times are 
required to access the varied kinetic time scales of interest.  For a specific process, 
measurements at different time points are needed to sample different transient states. An 
adjustable delay time is achieved by changing the distance between the end of the inner 
liquid line and end of the outer liquid line. Since the liquid flow speed is extremely fast 
after the liquid leaves the end of outer liquid line and forms a jet, and the mixing starts 
and finishes right after the end of the inner liquid line, it is reasonable to consider the 
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mix-to-probe delay time as the time the liquid flow takes to travel from the end of the 
inner liquid line to the end of outer liquid line. (Reverse diffusion of the much larger 
species in the inner line into the outer is negligible).  By changing the position of the 
inner liquid line relative to the outer liquid line, the time for the liquid to travel this 
distance can be varied to insert the desired time delay. For a typical flow rate for this 
device (F=0.05 µl/min for inner flow, and F =100 µl/min for outer flow), the velocity V = 
2* F/A = 30mm/s  at the center of Newtonian flow , and the delay time is adjustable in 
the range of 10 to 1000 milliseconds. 
 
4.6 Experiments and simulations 
Two fluorescence experiments were carried out to illustrate the mixing process, 
demonstrate the fluid dynamics, and give an estimation of the mixing time, as shown in 
Figure 4.2. In experiment A, fluorescent dye was fed through the inner capillary and 
water was fed through outer capillary, to show the focusing fluid dynamics and present a 
comparison to experiment B. In experiment A, the fluorescent inner flow is expected to 
by fluid-focused down to about 1 micrometer in a short time, which corresponds to a 
short distance travelled between leaving the inner capillary and being focused down. In 
experiment B, fluorescent dye was fed through the inner capillary as well, but quencher 
solution was fed through the outer capillary. The quencher is ions that diffuse fast in 
water, when the quenching ion meets with the fluorescent dye molecule, the fluorescence 
is quenched. This is a close simulation of the diffusion mixing process of macro 
biomolecules/nanocrystals and light weighted fast diffusing substrates, where the reaction 
starts when the two molecules meet. If the fluorescence disappears shortly after the inner  
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Figure 4.4. This fluorescence experiment illustrates the mixing process. The field of view 
shows only the innermost capillary tube at the “Mixing Resgion” indicated on Figure 4.1. 
A: Fluorescent dye in inner line, water in outer line. B: Fluorescent dye in inner line, 
quencher in outer line. Quenching represents the mixing process. A blue background is 
seen along the lower edge of each image. 
 
flow leaves the inner capillary, it shows that quencher from outer flow diffuses into inner 
flow fast, and the time is directly related to the distance between where the fluorescence 
disappears and the end of the inner capillary. 
 
The fluorescent dye sulforhodamine 101 solution was fed through the inner liquid 
line, pressurized with a syringe pump at a flow rate 0.05 µl/min, stimulated by a 528 nm 
laser, while water is fed through the outer liquid line at a flow rate of 100 µl/min (figure 
A). At this condition, the inner flow is focused down to about 3µm in diameter within 
20µm of axial travel.   This focusing distance can be decreased further to 1um by using a 
higher flow rate for the outer flow and a lower flow rate for the inner flow. In figure B, 
instead of water, a solution of sodium iodide was fed through the outer liquid line to 
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quench the fluorescence upon mixing. This fast interaction occurs much more rapidly 
than diffusion, and so can me used to measure the time taken for the two fluids to diffuse 
and mix. (Reaction times between biomolecules are much longer). The picture shows that 
the fluorescence is completely quenched within 20µm of axial travel. Based on the flow 
speed, the elapsed time is less than 1 ms. Hence the upper limit of the mixing time is 1ms 
for this flow rate. Under these flow conditions, simulations (below) reveal that the actual 
mixing time is much shorter than this upper limit.   An even shorter upper limit of the 
mixing time down to less than 300µs can also be achieved by decreasing the flow rate of 
the inner fluid, and increasing the flow rate of the outer fluid.  
 
Excessive dilution can lead to a low hit rate by X-Ray beam, depending on the gas 
focusing process. This hit rate can only be determined by trials at an XFEL. The mixed 
flow may support two different modes after gas focusing (Ganan-Calvo et al (2007)) 
based on the geometry of the gas aperture and the gas pressure, among other parameters. 
The inner flow could mix completely with the outer flow and form a uniformly mixed 
liquid jet after gas focusing, or the inner material could remain in the center of the liquid 
jet and form an extremely thin column. In the first case, the hit rate will decrease. In the 
second case, there would not be a dramatic increase in the background since the liquid jet 
diameter remains a few micrometers. 
 
Numerical simulation of the mixing was carried out as shown in Figure 4.3. A 
flow model was set up with the geometry of this device as two coaxial cylindrical tubes, 
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with liquid solutions fed through both channels. The fluid dynamic process was simulated 
using the finite element analysis method, with a particle transport mechanism embedded, 
to simulate the diffusion of molecules across the streamlines.  
 
For the simulation of fluid dynamic system, Navier Stokes equation is needed to 
describe the dynamics of the flow filed. 
 
ρ(∂v
!
∂t + v
!
⋅∇v
!
) = −∇p +∇T
"!
+ f  
In which v is the flow velocity field, ρ is the liquid density, p is pressure, T is the total 
stress tensor, and f is the body forces acting on the fluid. 
 
Since the system in interest has an extremely small scale (~50µm), and slow flow 
speed (~3cm/s), the Reynolds number in the flow is very small. According to the 
definition of Reynolds number, 
Re = ρvDH
µ  
the Reynolds number in this system is less than 5. In this case, the Navier Stokes equation 
can be reduced to Stokes equation, by neglecting the inertial forces, which is much 
smaller than viscous forces in such small Reynolds number flow. Since the liquid in our 
consideration is Newtonian, and incompressible, the equation takes the form: 
µ∇2u −∇p + f = 0  
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Figure 4.5. Numerical simulations illustrate the diffusion into the inner flow during the 
mixing process. The color scale shows concentration from 0 to 1mol/m3. Contours 
represent concentrations of 0.7mol/m3, the mixing criteria. Streamlines show the inner 
flow. 
 
∇⋅u = 0  
To obtain an analytical solution of Stokes equation for the mixing process is not trivial if 
not impossible, hence computerized numerical simulation is used for the simulation of 
the process. A 3D model of the mixing region was built. Then the region is divided into 
small computational cells, each cell has the size of about 200 nm. Boundary conditions 
are set for walls and two inlets. For walls, the boundary condition has been set that the 
flow velocity is 0. For inlets, the boundary condition has been set so the flow velocity 
	   89	  
field satisfies the parabolic flow profile. Then Stokes equation is solved for each and 
every one of the cells, till the entire region is finished. This generates the flow field of the 
mixing process, yielding the streamlines. Then the solute molecules with given diffusion 
coefficient are added to the flow field, their motion determined by both the flow field, 
and the diffusion motion. Since our system is static, meaning the conditions and flow 
field is not changing with time, the result will be a stable concentration map. Combining 
the flow field and the concentration map, a full description of the mixing process is 
present. 
 
In the simulation, the inner liquid line was fed with water at 0.1 µl/min, the outer liquid 
line fed with water solution with 1mol/m3 of solvent (with diffusion coefficient 3.0× 10-
6 cm2/s ). If we define complete mixing when the inner flow reaches 70% of the 
concentration of the solute (0.7mol/m3 ), then a contour of the mixing criteria can be 
drawn, as shown in Figure 4.3. The mixing time can be defined as the standard deviation 
of the time every streamline takes from upstream to crossing the mixing criteria contour 
(Park et al. 2006). Calculations show the time to be about 150µs. 
 
The above simulation and experiments have been concentration on solutions and 
interactions between single molecules. The analysis of mixing with nanocrystals requires 
more insights. For single molecules, the mixing process is the diffusion process of solute 
molecules through solvent. For nanocrystals, to achieve uniform mixing, the solute 
molecules no only have to diffuse through solvent, but also through nanocrystals to 
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interaction with all the molecules in the nanocrystals. Hence the diffusion process can be 
divided into to stages, first is the diffusion through liquid, and second is the diffusion 
through nanocrystals. 
 
 Since the nanocrystals in interest are crystals of macro biomolecules, which have 
large size. They leave gaps in the crystal between molecules, which are filled with water 
molecules. Hence for the diffusion of small substrate molecules, the diffusion in the 
nanocrystals can also be described by Fick’s second law. As a result, by setting up 
boundary conditions for a nanocrystals and solving diffusion equation, the diffusion time 
for nanocrystals can also be calculated. 
 
The nanocrystals can be simplified as rectangular hexahedrons. The boundary 
condition for the equation can be set that the concentration on the surface of the 
rectangular hexahedron is a constant ( or a function, which would be too difficult for 
analytical solution),  and inside the hexahedron to be 0.  For a typical diffusion 
coefficient D=5×10−6 cm2/s, the diffusion time for a cubical crystal with side of 500nm 
is 17 µs.  
 
In real mixing experiments, the boundary condition would not satisfy the constant 
assumption across the surface of the crystal, since the concentration depends on the  
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Particles (diffusion coefficient) Diffusion time (in water) 
Glucose (D=5×10−6 cm2/s) 150 µs 
ATP (D=1.5×10−6 cm2/s) 500 µs 
Virus (D=5×10−8 cm2/s) 15 ms 
Ion (D=2×10−5 cm2/s) 38 µs 
  
Crystal size Diffusion time for glucose 
3 µm*4 µm*5 µm 1 ms 
1 µm*2 µm*3 µm 150 µs 
0.5 µm*0.5 µm*0.5 µm 17 µs 
Table 4.1. Diffusion time comparison. Diffusion time for different particles in liquid, and 
diffusion time for particles into nanocrystal (diffusion coefficient for glucose is used). 
 
diffusion process in the liquid. However, this illustrates that with sufficiently small 
crystal, diffusion into crystals does not extend the mixing time too much. 
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4.7 Conclusion 
By combining the advantages of a microfluidic mixer and a gas dynamic virtual nozzle), 
the double-focussing design of a liquid mixing jet device presented here achieves fast and 
uniform mixing of two solutions on a molecular scale with time resolution of about 250 
microseconds while keeping the sample consumption low. This design also satisfies the 
high replenishment rate and sample environment requirements for XFEL experiments, 
enables radiation damage-free studies of chemical kinetics at room temperature, and can 
be directly adopted by the LCLS beamline for experiments on time-resolved studies of 
biomolecular interactions. Further development of the design will focus on improved 
time resolution and a decreased dilution ratio, by possibly using multiple inner liquid 
tubes. This may be needed to increase hit rate under some operating conditions. 
 
4.8 Future developments and explorations 
This design of mixing jet for fast and uniform mixing of two different liquids 
successfully achieved low mixing time and adjustable delay time between mixing and 
probing. However, there are still a problem existing. The dilution ratio induced by this 
method is enormous. To achieve fast mixing, liquid focusing mechanism is applied, 
which requires the outer flow to be much faster than inner flow. This in turn leads to a 
high flow rate ratio of several thousand to one, which is also the dilution ratio. The 
diluted mixture would lead to a significant drop of hit rate by X-ray beam. The drop of hit 
rate is not a negligible problem for experiments since it would cause extremely long 
experiment time to collect any usable data. 
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Several new ideas are being explored to solve this dilution ratio problem while 
maintaining the advantage of the mixing jet.  
 
4.8.1 Multi-stream inner flow 
To decrease the dilution ratio, it is either increasing the inner flow, or decreasing the 
outer flow. But using multi-stream inner flow, the inner flow rate is increased by several 
times, or even a few tens of times. This can be achieved with a honeycomb shaped tube 
in the center of the outer liquid capillary, with several channels fed with inner liquid, or a 
cluster of capillaries bond together and hold in the center of the outer capillary. This 
method requires extensive engineering and analysis of the flow field. And one big 
problem for this method is that due to the parabolic velocity profile of the liquid flow in 
the outer capillary, different channel of the inner flow may be surrounded by outer flow 
with different velocity, leading to a variation of mixing time and delay time. 
 
4.8.2 Narrowing outer channel 
The second way to counter the dilution problem is to decrease the outer flow rate. After 
mixing, the inner flow is a very thin (about 1um in diameter) stream in the center of the 
outer flow, so the dilution ratio is approximately the square of the ratio of the diameters 
of the outer and inner flow ( to be exact, the ratio is half of the square of the ratio of 
diameters, taking parabolic velocity profile into consideration). To decrease the outer 
flow rate, is to decrease the inner diameter of the outer capillary. However, since the 
inner capillary has a outer diameter of about 100um, the inner diameter has to be much 
larger than this number, to leave enough gap between the inner and outer capillary for 
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liquid flow and avoiding clogging or extremely high pressure requirement. The solution 
is to decrease the diameter of the outer capillary right after the end of the inner capillary. 
This can be done by sticking a capillary with outer diameter very close to the inner 
diameter of the outer capillary into the outer capillary all the way to the end of the inner 
capillary. Simulation shows this design can actually slightly decrease the mixing time, 
improving the performance of the device. The problem it generates is that this takes much 
more process and effort to manufacture, and adjusting delay time will be much more 
difficult since it can no longer be achieved by simply sliding the inner capillary back and 
forth. 
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Chapter 5 
LIPIDIC CUBIC PHASE INJECTOR FOR  
SERIAL FEMTOSECOND CRYSTALLOGRPHY 
Lipidic cubic phase (LCP) crystallization has proven successful for high-
resolution structure determination of challenging membrane proteins. Here we present a 
technique for extruding gel-like LCP with embedded membrane protein microcrystals, 
providing a continuously renewed source of material for serial femtosecond 
crystallography. Data collected from sub- 10-mm-sized crystals produced with less than 
0.5mg of purified protein yield structural insights regarding cyclopamine binding to the 
Smoothened receptor. 
 
5.1 Background 
Membrane proteins constitute about one third of the proteome in most organisms, 
perform critical cellular and physiological functions and represent over 60% of current 
drug targets in humans(Yildirim et al. 2007). High-resolution three- dimensional 
structures of membrane proteins are indispensable for understanding their functional 
mechanisms and designing novel drugs with high selectivity and potency. However, 
knowledge of membrane protein structures lags behind that of soluble proteins(White 
2005), emphasizing the need to develop innovative methods and approaches. Beginning 
with the seminal work on photosynthetic reaction centers, membrane proteins have 
historically been crystallized in detergent micelle solutions. About 17 years ago, an 
alternative method of crystallization was introduced, based on the use of a membrane-
mimetic medium known as the lipidic cubic phase (LCP)(Cherezov et al. 2009). This 
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technique has proven crucial for determining high- resolution structures and functional 
mechanisms of membrane proteins from several diverse families, starting with microbial 
rhodopsins(Pebay-Peyroula 1997) and including G protein-coupled receptors, ion 
channels, transporters and enzymes(Cherezov et al. 2007; Liao et al. 2012; Li et al. 2013; 
Cherezov 2011). While LCP crystallization typically produces highly ordered crystals, 
these crystals are often limited in size. A high density of micrometer-sized crystals in the 
LCP is often obtained during initial screening, but subsequent optimization to obtain 
sufficiently large crystals for data collection at synchrotron sources can be laborious and 
time consuming. Despite the fact that microcrystallography has matured over the last few 
years(Smith et al. 2012), structure determination of membrane proteins using 
microcrystals remains difficult. Ultimately, the achievable resolution for well-ordered 
small crystals is limited by radiation damage(Garman 2010) that poses an inherent 
problem for all conventional X-ray-based methods of structure determination. LCP-
grown microcrystals are ideally suited for the emerging technique of serial femtosecond 
crystallography (SFX)(Spence et al. 2012; Fromme & Spence 2011). SFX relies on the 
fact that the duration of the X-ray pulses generated by an X-ray free-electron laser 
(XFEL) is so brief (<50 fs), that diffracted photons exit the sample before damage 
initiated by photoionization can establish itself. Diffraction is thereby recorded from 
essentially undamaged molecules at or close to room temperature. The peak brightness of 
an XFEL is a billion times higher than that of third generation synchrotrons, allowing 
collection of high quality single diffraction patterns from individual sub-10-mm-sized 
crystals in random orientations. After collecting several hundred thousand of such 
patterns at a rapid rate, structure factors are determined by Monte Carlo-type integration 
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over the measured diffraction intensities(Spence et al. 2011). The first experimental 
demonstrations of SFX, at low resolution, were carried out with membrane proteins 
crystallized in detergent solution(Chapman et al. 2011) and in the liquid-like lipidic 
sponge phase(Johansson et al. 2012). Recently, the first structures of soluble proteins in 
aqueous dispersion have been solved at atomic resolution(Boutet et al. 2012; Redecke et 
al. 2013). To date, the SFX method has been based on X-ray data collection from a liquid 
stream containing protein micro/ nanocrystals. The gas dynamic virtual nozzle (GDVN), 
which is used to inject microcrystals in their mother liquor into the X-ray beam, produces 
a liquid jet flowing at 10m/s and focused to 1– 5 mm diameter by employing shear and 
pressure forces from a co- flowing gas(DePonte et al. 2008). Hence, given the 120Hz X-
ray pulse repetition rate of the Linac Coherent Light Source (LCLS), the sample stream 
advances several centimeters between X-ray pulses, which are focused to 0.1–2 um 
diameter. Consequently, in a typical SFX experiment, only 1 out of 10,000 microcrystals 
is probed by the X-ray beam. With a liquid flow rate of 10 ul/min, it takes 5–6 h to 
collect a full data set, thus requiring 10–100mg of pure protein. Obtaining such amounts 
is not feasible for many membrane proteins. Because of its gel-like nature, LCP allows 
operation at much lower stream speeds and more efficient sample utilization. Its high 
viscosity, however, makes it incompatible with GDVN techniques. A new approach was 
needed to generate a micro- meter-sized stream of LCP suitable for SFX. We report here 
the development of a novel method and a device for extruding LCP at slow flow speeds 
and with extremely low sample consumption as a continuous 10–50mm diameter stream. 
It provides a continuously renewed sample target for interrogation by the femtosecond X-
ray beam. The flow speed of the injector is adjustable to the X-ray pulse repetition rate of 
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the XFEL, so that no sample is wasted between shots. LCP-grown microcrystals of the 
human smoothened (SMO) receptor in complex with cyclopamine have been injected 
into the femtosecond X-ray beam. Diffraction data from 61,964 microcrystals were 
merged to recover the structure to 3.2/4.0Å resolution. The protein consumption is 
reduced by a factor of 20 compared with SFX experiments with the GDVN nozzle. 
 
5.2 Feasibility and prototype 
Injection of LCP through capillary poses a serious challenge to the existing liquid 
injection method in the sense of pressure required. For a cylindrical pipe, the pressure 
loss of the liquid flow for Newtonian liquid is  
Δp = fD *
Lρv2
2D  
Where Δp  is pressure drop, fD  is Darcy friction factor, L and D are the length and 
diameter of the pipe, ρ is the density of the liquid, v is the average velocity. For slow 
Laminar flow such as in LCP injection, Darcy friction factor fD = 64 / Re , where Re  is 
Reynolds number Re =
ρvD
µ
. µ  is the dynamic viscosity of liquid. From those we can 
have the pressure loss equation for our purpose: 
Δp = 128
π
µLF
D4  
Where F is the flow rate. As shown in the equation, the pressure drop is proportional to 
viscosity, flow rate and length. So to pressurize LCP through the same diameter capillary 
for the liquid, many orders of magnitude higher pressure would be required even at 100 
times slower flow rate and 10 times shorter capillary. The pressure required would be 
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several tens of thousands psi for the viscosity of 48.3 Pa-s of LCP (Perry et al. 2009), 
which is prohibitively high for any experiment. 
 
However, one special characteristic of LCP that it is a non-Newtonian liquid made the 
injection of LCP feasible. To be more exact, LCP is a shear-thining liquid. For 
Newtonian liquid, the ratio of tangential stress and tangential shear rate is a constant, the 
dynamic viscosity of the liquid. But for a shear-thining liquid, the ratio is not constant, 
the shear stress flows the power law: 
τ = K(∂u
∂y )
n  
 
Where the τ  is the tangential stress, and 
∂u
∂y  is the tangential shear rate. The apparent 
viscosity drops as the tangential stress increases as shown in Figure 5.1(a). This 
characteristic changes the behavior of the flow in capillary. As for Newtonian liquid, the 
flow velocity profile in a cylindrical pipe is parabolic. But for shear thinning liquid, the 
flow velocity profile is plug-shaped, the velocity of liquid increase significantly close to 
the wall of the pipe, where the tangential stress is highest and apparent viscosity is low, 
and increase only marginally close to the center of the pipe, where the tangential stress is 
low and apparent viscosity is high, as shown in Figure 5.1(b). This enables pumping LCP 
through capillary with much lower pressure. 
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Figure 5.1. Power law liquid. A: The different shear stress-shear rate relationship of 
power-law fluid. B: The velocity profile of power-law fluid. It is easy to see the plug flow 
forming as the power decreases. Vertical axis is radius, horizontal is velocity, n is the 
power-law power, reproduced with permission from (Sefid & Izadpanah 2013). 
 
Based on the feasibility of pressurizing LCP through capillary, several prototypes 
were constructed before the final LCP injector. The very first trial is simply pressuring 
LCP through a very short capillary (about 3cm) with pressurized gas. The LCP came out 
of the capillary in an uncontrollable manor that the stream curls into every direction. 
However the result shows that it is possible to pressurize LCP through capillary with 
practical pressure.  
 
The second prototype incorporated the gas focusing mechanism as a gas flow 
guide for steering the LCP stream in the straight direction (shown in Figure 5.2). The gas  
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Figure 5.2. Prototype of LCP injector. Capillary with green sleeve from the side is gas 
capillary, REDAL tubing from the back is the water line, pressuring the LCP. 
 
focusing mechanism added several centimeters of length of the capillary, which increased 
the pressure requirement significantly. Also considering the pressured gas is not easily 
controllable and dangerous, pressurized water supplied by HPLC is used to pressurize 
LCP. A RADEL tubing with 1/32 inch ID and 1/16 inch OD is used as the water tube as 
well as the sample reservoir. The tubing is filled with water to exclude any air bubble, 
loaded with two polyethylene spheres with diameter of 750-780 um. Then the sample is 
loaded into the tubing before the tubing is connected to the injector. The spheres act as a 
plug between water and sample so they would not meet each other. The design of this 
prototype is essentially successful, while exposing some problems. First of all, high 
pressure proved to be not easy to control, even with liquid pressure instead of gas 
pressure. When there is a stoppage of injection, it normally takes quite a while to 
reestablish injection. Secondly, there is a significant amount of elasticity in the system. 
REDAL tubing is good for this injector, since the slightly elastic REDAL provides just 
enough elasticity for sealing the polyethylene spheres against the wall, while not crushing 
them. But it also generates elasticity for the system, generating a delay in increasing 
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pressure and a delay in changing of flow rate. Lastly, some of the couples in this system 
are not dependable and are prone to failure under extreme pressure. 
 
5.3 LCP injector 
The LCP injector, consisting of a hydraulic stage, a sample reservoir and a nozzle, 
is mounted onto the end of the nozzle rod of an injector designed for XFELs(Weierstall et 
al. 2012). The nozzle rod can be removed from the vacuum chamber without 
compromising the vacuum, allowing for sample reloading and nozzle change. The 
hydraulic stage consists of a syringe body with a sealed solid plunger. The syringe body 
has a large bore on the inlet side and a much smaller bore on the outlet side. The ratio of 
the respective bore areas gives a nominal amplification factor of 34, delivering 10,200 psi 
to the LCP reservoir when water on the inlet side is pressurized to 300 psi. The large bore 
in the syringe body has a diameter of 8mm. The plunger sliding in this bore has two 
groves that accept high pressure hydraulic seals (Trelleborg Turcon Variseal) and has a 
diameter of 8mm on the water side and an extension with a diameter of 1.37mm on the 
LCP side. The plunger extension drives two Teflon beads (Bal-tec) of 1.59mm outer 
diameter, which slide in the precision bored 1.37mm diameter LCP reservoir bore. The 
nominal pressure amplification (neglecting frictional forces on the seals) is 34, the ratio 
of the squared diameters of the bores (8mm)2 (1.37mm)-2. The Teflon beads seal the bore 
of the reservoir against LCP leakage. When the beads are pressed into the slightly smaller 
reservoir bore, they deform cylindrically. The pressure applied by the plunger deforms 
them further and thus provides a tight seal for pressures up to 10,000 psi on the LCP. The 
360mm outer diameter and 10–50 mm inner diameter fused silica capillary tubing  
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Figure 5.3 LCP injector. Upper: The fully assembled LCP injector. Lower: all 
components of the injector, from left to right and up to down: gas aperture, capillary with 
sleeve and ferrule, holder with gas port, gas line with fitting, sample reservoir, piston, 
water reservoir, water line and fitting, fitting to nozzle rod (not shown in lower figure). 
 
(Polymicro) is kept as short as possible (6 cm) to reduce the pressure necessary to extrude 
the LCP. The nozzle section and the capillary are connected to the reservoir via standard 
HPLC conical ports (Upchurch with 10–32 threads). The tapered end of the inner 
capillary is inserted into a flame-polished square outer glass tube and protrudes out of the 
exit aperture, so that gas can flow through the open corners at a rate adequate for LCP 
extrusion (for details of nozzle design, see(Weierstall et al. 2012)). The reservoir bore is 
filled with LCP via a Hamilton syringe and can hold a volume of 20 ml. The Teflon 
beads are replaced during each sample refill. It is possible to drive the LCP flow in a 
‘constant pressure’ mode via pressurized water connected to the plunger inlet. The supply 
reservoir for the water is, in turn, pressurized by gas from a gas cylinder and the LCP 
flow rate is controlled by adjusting the gas pressure. However, in this mode of operation 
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the LCP flow rate would occasionally show sudden jumps (possibly due to wall stick-slip 
of the LCP), leading to sample loss. Better control over LCP flow was achieved in a 
‘constant flow rate’ mode implemented by using a HPLC pump (Shimadzu LC- 20AD) to 
drive the hydraulic liquid (water). 
 
The LCP flow rate can be optimized for the 120Hz pulse rate of the LCLS so that 
between X-ray pulses, the stream advances only the distance needed to expose fresh 
sample to the next pulse. The necessary distance (the ‘damage diameter’) depends on the 
X-ray beam diameter and pulse energy. Thus, for example, at an X-ray energy of 9.5 
keV, a pulse energy of 50 mJ at the sample and a beam diameter of 1.5 mm, this distance 
is 10–30 mm. Consequently, for a flow speed where the LCP stream travels 10–30 mm 
between X-ray pulses (1.2–3.6mm/s), little, if any, sample is wasted and sample 
consumption is reduced dramatically compared with GDVN injection. Constant LCP 
flow rates of 1–300 nL/min were achieved by adjusting the flow rate setting on the HPLC 
pump or by using constant pressure mode (for the lowest flow rates). The minimum 
usable flow rate is set by the diameter of the LCP stream, the distance that the stream 
must advance between XFEL pulses, and the X-ray pulse repetition rate (for example, for 
120Hz repetition rate, LCP stream diameter of 15 mmand damage diameter of 20mm, the 
minimum usable flow rate is 25 nl/min). The LCP flow rate can be calculated by dividing 
the HPLC pump flow rate by the pressure amplification factor 34. 
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5.4 Results 
5.4.1 LCP injection 
 
 
Figure 5.4. Middle section through the LCP injector. In operation, the device is attached 
via the leftmost threaded fitting to a nozzle rod (not shown) for insertion into the 
experimental chamber. Water (blue) and gas (green) lines are routed through the nozzle 
rod from the left. LCP(red) is extruded from the nozzle on the right. Water, at a pressure 
of up to 300psi, drives the hydraulic plunger, which amplifies the pressure 34 times to 
drive LCP through a capillary with an inner diameter of 10-50µm. Two spherical Teflon 
beads are used to provide a tight seal against a pressure of up to 10,000 psi. The co-
flowing gas is necessary for reliable extrusion and to maintain co-axial flow. 
 
The LCP microextrusion injector (Figure 5.2) consists of a hydraulic stage, a sample 
reservoir and a nozzle. The reservoir can hold up to 20ml of LCP and is connected to a 
fused silica capillary with 10–50 mm inner diameter. The LCP is extruded out of this 
capillary into an evacuated sample chamber and requires a pressure of 2,000–10,000 psi, 
depending on the nozzle diameter and flow speed. This is provided by the hydraulic stage 
that amplifies the applied pressure by a factor of 34. Shear force exerted by a co-flowing 
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gas (helium or nitrogen at 300–500 psi supply pressure) keeps the LCP stream on axis. 
The LCP flow rate (typically 1–300 nl/min) depends on the sample composition, nozzle 
diameter and pressure and can be optimized for the 120Hz pulse rate of the LCLS, so that 
between X-ray pulses, the stream advances only the distance needed to expose fresh 
sample to the next pulse, dramatically reducing sample consumption compared with 
GDVN injection. The most commonly used lipid for crystallization of membrane proteins 
in LCP is monoolein, 9.9 MAG (an N.T MAG shorthand notation is used for 
monounsaturated monoacylglycerol lipids, where ‘N’ is the number of carbon atoms in 
the acyl chain between the ester and cis-olefinic bonds, and ‘T’ is the number of carbon 
atoms between the cis-olefinic bond and the end of the chain). However, this lipid is not 
ideally suited for the LCP–SFX experiments, as it undergoes a phase transition from the 
cubic phase to a lamellar crystalline (Lc)phase at 18°C. As LCP is injected into an 
evacuated sample chamber at ~10-3 Torr and 20 °C, evaporative cooling can transform it 
into the Lc phase, leading to strong, sharp diffraction rings from the Lc phase (Figure 
5.5(a)). This dramatically increases the background and poses a danger to the detector, 
which made it necessary to attenuate the LCLS beam by a factor of 20–30. Nonetheless, 
in our initial experiments both microcrystal samples of β2 adrenergic receptor (β2AR) and 
adenosine A2A receptor A2AAR showed consistent diffraction to ~2.5Å, even with the 
highly attenuated beam (Figure 5.5(a)). By changing the co-flowing gas from He to N2, 
the formation of the Lc phase was suppressed but not completely eliminated in the case 
of LCP prepared with 9.9 MAG (Figure 5.5(c),(d)). However, by replacing the 9.9 MAG 
with shorter chain MAGs (7.9 MAG22 or 9.7 MAG (monopalmitolein) available from 
Avanti Polar Lipids), the formation of the Lc phase was completely prevented. 
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Diffraction patterns collected at the LCLS confirmed the presence of the expected cubic- 
Pn3m phase, without a trace of the Lc phase (Figure 5.5(b)). In addition, we have  
 
 
 
Figure 5.5. Snapshot diffraction patterns and LCP extrusion. A, B: Single femtosecond 
snapshot diffraction patterns. A: Diffraction spots from A2A adenosinereceptor 
microcrystals in 9.9 MAG/cholesterol LCP to 2.5Å and strong powder diffraction rings 
from crystalline lipid. (X-ray intensity attenuated to 7%, 1.5 µm X-ray beam diameter, 
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50fs pulse length, 9.5keV, 50µm LCP jet diameter, 190nl/min flow rate, 120Hz pulse 
rate). The resolution at the detector edge in both panels is 2.5Å. C,D: 9.9 MAG LCP 
extrusion in vacuum viewed between crossed polarizers. The tapered eend of the 
capillary nozzles is seen protruding out of the gas aperture. Capillary inner diameter: 
30µm. C: with He as co-flowing gas. Birefringence (bright flecks) is an indication of a 
transition of the cubic phase to a lamellar crystalline phase due to evaporative cooling. D: 
with N2 as co-flowing gas and no visible birefreingence. Scale bars, 100µm. 
 
established that for crystals that only grow in 9.9 MAG LCP (the most successful 
crystallization host lipid to date), 7.9 MAG can be added post crystal growth to prevent 
formation of the Lc phase upon injection (see Methods for details), which greatly 
expands the range of proteins amenable to this method. The high quality of the X-ray 
diffraction data collected from crystals grown in 9.9 MAG that were delivered in the 
7.9/9.9 MAG mixture (Figure 5.3(b)) show that the crystals do not suffer from the 
addition of 7.9 MAG. 
 
5.4.2 Diffraction data and sample consumption 
Using the LCP injector with a flow rate of 170 nl/min, SFX data were acquired 
for several G protein-coupled receptors, including β2AR, A2AAR, SMO, glucagon 
receptor and serotonin 2B (5-HT2B) receptor(Liu et al. 2013), as well as the membrane 
enzyme diacylglycerol kinase (DgkA). Full data sets for SFX structure determination 
were collected for DgKA, SMO and 5-HT2B over the course of 5–10 h, while using less 
than 100ml of each sample (0.5mg of protein). This is a vast improvement over typical 
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sample consumption with a GDVN nozzle, which requires 10 ml (10mg protein) for a 
complete data set(Chapman et al. 2011). As proof of principle for the newly developed  
 
LCP–SFX method, we analysed the data collected on human SMO receptor in complex 
with the naturally occurring teratogen cyclopamine. SMO belongs to the class Frizzled of 
G protein-coupled receptor superfamily, and participates in embryonic development and 
tumour growth. The first SMO structure in complex with an antagonist LY2940680 was 
recently determined by traditional microcrystallography at a synchrotron source(Wang et 
al. 2013). We were, however, unsuccessful in solving the structure of the SMO/ 
cyclopamine complex using synchrotron data collected with a 10 mm diameter X-ray 
beam due to poor diffraction from relatively large crystals (~120*10*5 um3), which 
presumably suffered from accumulation of crystal growth defects or from effects related 
to cryocooling. The LCP–SFX data collected on sub-5 mm-sized crystals at room 
temperature were of a reasonable quality to solve the structure by molecular replacement 
after application of an anisotropic data truncation at 3.4, 3.2 and 4.0Å along three 
principal crystal axes. Although the resolution is not very high, it does allow us to 
confidently locate where this small molecule ligand with an antitumor therapeutic 
potential(Taipale et al. 2000) binds. This crystallographic model will be further refined 
by subsequent biochemical studies. 
 5.5	  Discussion	  
In summary, our successful development of an LCP microextrusion injector 
allows the beneficial attributes of SFX measurements to be coupled with the unique 
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properties and advantages of LCP for membrane protein crystallization. The new 
technology not only enables the collection of high-resolution structure data from LCP-
grown membrane protein microcrystals at room temperature, but also dramatically 
reduces the amount of protein required, eliminates the need for laborious crystal size 
optimization and simplifies crystal handling procedures. 
 
5.6 Special fluid property of LCP and potential problem 
 The non-linear nature of the tangential stress (shear stress)-tangential shear rate 
(shear strain or deformation) relationship grants complicated fluid dynamic property to 
LCP. The behavior of LCP in the injector is vastly different from normal Newtonian 
liquid and worth analysis in details. 
 
 As stated before, the non-linear shear-thinning property of LCP allows the design 
and operation of LCP injector, forming a plug flow in the capillary and providing much 
lower actual viscosity for the injection operation. However, when looking into details of 
the shear map (Figure 5.6), there is more than that. As shown in Figure 5.6, the 
relationship of tangential stress and tangential shear rate is draw. As defined, the 
viscosity is the derivitive of tangential stress and tangential shear rate. As we pressurize 
the LCP in the reservoir of LCP injector, the tangential shear stress increases, while the 
apparent viscosity drops. When the viscosity (the slope on the shear map) drops low 
enough, the LCP injection will be established. Hence the injection happens somewhere at 
the increasing region of the map close to the peak as indicated in the map. The monotonic 
increasing function in this region grants the self adjusting stability to the operation of 
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LCP injection over small variation of operation conditions and LCP property. However, 
when there is a accumulation of nanocrystals or piece of dust, the resistance of injection  
 
Figure 5.6. Tangential shear stress-tangential shear rate relationship. The initial increase 
of shear stress is extremely steep, corresponding to the high viscosity of LCP. The 
increase slows down, indication LCP as a shear thinning fluid. The shear stress eventualy 
reaches a peak then drop slightly, granting the interesting fast shoot out behavior of LCP 
injector. Insert graph shows the relationship of viscosity and shear rate. Reproduced with 
permission from (Mezzenga et al. 2005). 
 
could increase significantly. The constant flow rate working mode of the LCP injector 
would slowly but steadily increase the pressure applied on LCP, till the pressure exceeds 
the threshold of pushing the partial clog out of the way. Once this happens, the resistance 
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in the capillary disappears and the increased pressure would be applied on the LCP as 
tangential stress. The significantly increased tangential stress over the normal working 
condition could exceed the peak in the shear map where the apparent viscosity is 0. In 
this case, we will have a fast shoot out of LCP since we have an extremely high pressure 
and almost no viscosity. The only thing that would stop the fast shoot out would be the 
disappearance of the driving pressure so the LCP movement stops. This behavior has 
already been observed in experiment. In early stage of experiments, the LCP was driving 
by gas pressure for the advantage of fast filling of dead volume and fast pressure 
response. During the experiments, we noticed this problem. When LCP injection was 
stopped by partial clogs, gas pressure is increased to overcome the resistance from the 
clogs. After the clogs are cleared, if the gas pressure is really high, the LCP can be shoot 
out extirely with in several seconds. Later experiments utilize water pressure instead of 
gas pressure, to work on constant flow rate mode instead of constant pressure mode. 
Since then this problem has been effectively mitigated, since the elasticity of the system 
is so small that after the clearance of the resistance, the shoot out only continues till the 
elasticity of the system is released which is almost negligible. 
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